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ABSTRACT 


This  report  describes  the  research  performed  over  the  period  of  1  January  1999  to  31  December 
1999  on  a  MURI  under  Office  of  Naval  Research  contract  N00014-96-1-1 173  on  the  topic  “Acoustic 
Transduction:  Materials  and  Devices”  brings  together  work  from  the  Materials  Research  Laboratory 
(MRL),  the  Applied  Research  Laboratory  (ARL),  and  the  Center  for  Acoustics  and  Vibrations  (CAV)  at 
The  Pennsylvania  State  University.  As  has  become  customary  over  many  years  research  on  the  program  is 
described  in  detail  in  the  87  technical  appendices  to  this  report  and  only  a  brief  narrative  description 
connecting  this  research  is  given  in  the  text. 

Perhaps  the  most  outstanding  accomplishment  of  the  year  is  a  “spin  on”  from  our  earlier  single 
crystal  studies  now  involving  Brookhaven  National  Laboratory  and  Professor  Gonzalo’s  group  in  Madrid, 
Spain.  Using  exceptionally  homogeneous  polycrystal  lead  zirconate  titanate  samples  prepared  in  MRL, 
precise  synchotron  x-ray  analysis  has  confirmed  a  new  monoclinic  phase  at  lower  temperature  in 
composition  close  to  the  important  morphotropic  phase  boundary.  This  work  demands  a  re-thinking  of 
both  intrinsic  and  extrinsic  contributions  to  response  in  this  most  important  practical  transducer  material 
family.  Domain  Engineering/Domain  Averaging  in  lead  zinc  niobate:lead  titanate  (PZN:PT)  in  lead 
magnesium  niobate:lead  titante  (PMN:PT)  and  inn  barium  titanate  (BaTi03)  continues  to  offer  single 
crystal  systems  with  outstanding  transducer  and  actuator  properties  and  new  insights  into  the  field 
induced  strain  mechanisms  in  all  perovskite  type  piezoelectrics.  Excellent  progress  with  the  new  high 
strain  irradiated  P(VDF:TrFE)  relaxor  ferroelectric  copolymer  system  has  helped  catalyze  a  new  DARPA 
initiative  in  this  area  and  a  re-awakening  of  interest  in  the  whole  area  of  electrostrictive  polymer  systems. 

A  primary  objective  of  this  MURI  grouping  was  to  help  shorten  the  time  constant  for  new 
materials  and  device  concepts  to  be  applied  in  practical  Navy  Systems.  We  believe  this  has  now  been 
realized  in  joint  work  on  the  composite  cymbal  type  flextensional  arrays  for  large  area  projectors,  and  in 
the  progress  made  towards  a  micro-tonpilz  array  system. 

Original  work  on  new  step  and  repeat  piezoelectric  high  strain  systems  continues  to  make  good 
progress  now  using  commercial  motion  rectifiers  to  produce  both  linear  and  rotary  systems  with  high 
torque  capability.  New  composite  designs  are  pushing  toward  1  mm  diameter  motors  in  the  size  regimen 
where  there  are  real  difficulties  for  conventional  electromagnetic  designs. 

A  new  area  of  activity  this  year  is  in  piezoelectric  transformers  where  a  circular  symmetry  design 
in  conjunction  with  controlled  inhomogeneous  poling  is  shown  to  offer  capabilities  which  are  of  real 
interest  for  energy  recovery  actuator  power  systems.  Basic  studies  have  evolved  a  new  environmental 
SEM  technique  for  high  resolution  domain  wall  studies  without  changing  problems.  Work  is  continuing 
on  reliable  measurements  of  electrostrictive  constants  in  simple  solids  confirming  by  both  direct  and 
converse  methods  and  permitting  the  first  generalization  of  trends  in  these  fundamentally  important 
coupling  constants. 
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Response  in  the  Electrostrictive  P(VDF-TrFE)  Copolymer,”  Appl.  Phys.  Lett. 
74,  1901-1903  (1999). 

34.  Cheng,  Z.-Y,  V.  Bharti,  T.B.  Xu,  S.  Wang,  Q.M.  Zhang,  T.  Ramotowski,  F.  Tito,  and 

R.  Ting,  “Transverse  Strain  Responses  in  Electrostrictive  P(VDF-TrFE)  Films 
and  Development  of  a  Dilatometer  for  the  Measurement,”  J.  Appl.  Phys.  86, 
2208-2214  (1999). 

35.  Bharti,  V.,  Z-Y  Cheng,  S.  Gross,  T.B.  Xu,  and  Q.M.  Zhang,  “High  Electrostrictive 

Strain  under  High  Mechanical  Stress  in  High  Energy  Electron  Irradiated 
Poly(vinylidene  fluoride-trifluoroethylene)  Copolymer  Films,” 

Appl.  Phvs.  Lett.  75,  2653-2655  (1999). 

3 . 0  TRANSDUCER  STUDIES 

3.1  Composite  Structures 

36.  Geng,  X.  and  Q.M.  Zhang,  “Resonance  Modes  and  Losses  in  1-3  Composites  for 

Ultrasonic  Transducer  Applications.”  J.  Appl.  Phys.  85,  1342-1350  (1999). 

37.  Tressler,  J.  and  K.  Uchino,  “Piezoelectric  Composite  Sensors,”  Chap.5.25, 

Comprehensive  Composite  Materials,  Elsevier  Science,  Oxford,  UK  (2000). 

[in  press] 

38.  Tressler,  J.F.,  S.  Alkoy,  A.  Dogan,  and  R.E.  Newnham,  “Functional  Composites  for 

Sensors,  Actuators  and  Transducers,”  Composites  Part  A:  Applied  Science  & 
Manufacturing  30,  477-482  (1999). 
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3 . 0  TRANSDUCER  STUDIES 

3.1  Composite  Structures  (continued) 

39.  Tressler,  J.F.  and  R.E.  Newnham,  “Capped  Ceramic  Underwater  Sound  Projector:  The 

“Cymbal”  Transducer.”  J.  of  Acoustical  Soc.  America  105(2),  part  1,  591-600 
(1999). 

VOLUME  III 

40.  Zhang,  J.,  W.J,  Hughes.,  P.  Bouchilloux,  R.  Meyer  Jr.,  K.  Uchino,  and  R.E.  Newnham, 

“A  Class  V  Flextensional  Transducer:  The  Cymbal.”  Ultrasonics  37,  387-393 
(1999). 

41 .  Zhang,  J.,  W.J.  Hughes,  R.J.  Meyer  Jr„  K.  Uchino,  and  R.E.  Newnham,  “Cymbal 

Array:  A  Broad  Band  Sound  Projector.”  Ultrasonics  37,  523-529  (2000). 

3 . 0  TRANSDUCER  STUDIES 

3. 1  Composite  Structures  (continued) 

42.  Zhang,  J.,  W.J.  Hughes,  A.C.  Hladky-Hennion  and  R.E.  Newnham,  “Concave  Cymbal 

Transducers.”  Materials  Research  Innovations  2  (5),  252-255  (1999). 

43.  Alkoy,  S.,  R.E.  Newnham,  A.C.  Hladky,  A.  Dogan,  and  J.K.  Cochran,  Jr., 

“Piezoelectric  Hollow  Spheres  for  Microprobe  Hydrophones,”  Ferroelectrics 
226,  11-25  (1999). 

44.  Carlson,  W.B.,  R.E.  Newnham  and  D.P.  Williams,  “Piezotensegritic  Structures  for 

Transducer  Applications.”  Materials  Research  Innovations  3,  175-178  (1999). 

45.  Newnham,  R.E.  and  A.  Amin,  “Smart  Systems:  Microphones,  Fish  Farming,  and 

Bevond.”  Chemtec h  29(12),  38-47  (1999). 

3.2  3-Dimensional  Acoustic  Intensity  Probes 

46.  Bastyr,  K.J.,  G.C.  Lauchle,  and  J.A.  McConnell,  “Development  of  a  Velocity  Gradient 

Underwater  Acoustic  Intensity  Sensor.”  J.  Acoust.  Soc.  Am.  106,  3178-3188 
(1999). 

47.  Lauchle,  G.C.  and  W.A.  Kargus,  IV,  “Scaling  of  Turbulent  Wall  Pressure  Fluctuations 

Downstream  of  a  Rearward  Facing  Step.”  J.  Acoust.  Soc.  Am.  107,  L1-L6 

(2000). 

3.3  Piezoelectric  Transformers 

48.  Koc,  B.,  S.  Alkoy,  and  K.  Uchino,  “A  Circular  Piezoelectric  Transformer  with 

Crescent  Shape  Input  Electrodes,”  Proc.  IEEE  Ultrasonic  Symp.,  Lake  Tahoe, 
Nevada,  Oct.  17-21  (1999). 

49.  Koc,  B.  and  K.  Uchino,  “Disk  Type  Piezoelectric  Transformer  with  Crescent  Shape 

Input  Electrodes,”  Proc.  NATO-  Advanced  Research  Workshop:  Piezoelectric 
Materials,  Advance  in  Science,  Technology  and  Applications,  Predeal,  Romania 
(May  24-27,  1999). 
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4.0  ACTUATOR  STUDIES 

4. 1  Materials  and  Designs 

50.  Uchino,  K.,  “Recent  Trend  of  Piezoelectric  Actuator  Developments,”  Proc.  Int’l 

Symp.  Micromechatronics  and  Human  Science  ‘99,  p.3-9,  Nagoya,  Japan 
(Nov.  23-26,  1999). 

5 1 .  Yao,  K„  W.  Zhu,  K.  Uchino,  Z.  Zhang  and  L.C.  Lim,  “Design  and  Fabrication  of  a 

High  Performance  Multilayer  Piezoelectric  Actuator  with  Bending 
Deformation,”  46  (4),  1020-1027  (1999). 

52.  Wang,  Q.-M.,  X.-H.  Du,  B.  Xu,  and  L.E.  Cross,  “Electromechanical  Coupling  and 

Output  Efficiency  of  Piezoelectric  Bending  Actuators.  IEEE  Transactions  on 
Ultrasonics.  Ferroelectrics.  and  Frequency  Control  46  (3),  638-646  (1999). 

53.  Wang,  Q.-M.  and  L.E.  Cross,  “Analysis  of  High  Temperature  Reduction  Processing 

of  RAINBOW  Actuator.”  Materials  Chemistry  and  Physics  58,  20-25  (1999). 

54.  Glazounov,  A.E.,  Q.M.  Zhang,  and  C.  Kim,  “Torsional  Actuator  Based  on 

Mechanically  Amplified  Shear  Piezoelectric  Response,”  Sensors  and  Actuators 
A79,  22-30  (2000). 

55.  Yoo,  J.-H.,  J.-I  Hong,  and  W.  Cao,  “Piezoelectric  Ceramic  Bimorph  Coupled  to  Thin 

Metal  Plat  as  Cooling  Fan  for  Electronic  Devices,”  Sensors  and  Actuators  79, 
8-12  (1999). 

4.2  Photostriction 

56.  Poosanaas,  P.,  K.  Tonooka  and  K.  Uchino,  “Photostrictive  Actuators  ” 

J.  Mechatronics  (1999)  [in  press]. 

57.  Poosanaas,  P.  and  K.  Uchino,  “Photostrictive  Effect  in  Lanthanum-Modified  Lead 

Zirconate  Titanate  Ceramics  near  the  Morphotropic  Phase  Boundary,” 

J.  Mater.  Chem.  and  Phvs.  61,  36-41  (1999). 

VOLUME  IV 

4.3  High  Force  Torsional  Actuators 

58.  Frank,  J.E.,  G.H.  Koopmann,  W.  Chen,  and  G.A.  Lesieutre,  “Design  and  Performance 

of  a  High  Force  Piezoelectric  Inchworm  Actuator,”  Proceedings  of  SPIE  6th 
Annual  International  Symposium  on  Smart  Structures  and  Materials,  1999. 

59.  Koopmann,  G.H.,  G.A.  Lesieutre,  J.  Frank,  and  W.  Chen,  “Design  and  Performance 

of  a  Linear  Piezoelectric  Wedgeworm  Actuator,”  Piezoelectric  Materials: 
Advances  in  Science,  Technology  and  Applications,  383-390  (2000). 

60.  Frank,  J.  E.M.  Mockensturm,  W.  Chen,  G.H.  Koopmann,  and  G.A.  Lesieutre, 

“Roller- Wedgeworm:  A  Piezoelectrically-Driven  Rotary  Motor,”  10th 
International  Conference  on  Adaptive  Structures  and  Technologies,  Paris 
(October  1999). 
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4.4 


Piezoelectric  Mini  Motors 


61.  Glazounov,  A.E.,  S.  Wang,  Q.M.  Zhang,  and  C.  Kim,  “High  Efficiency  Piezoelectric 

Motor  Combining  Continuous  Rotation  with  Precise  Control  Over  Angular 
Positioning,”  Appl.  Phvs.  Lett.  75,  862-864  (1999). 

62.  Uchino,  K.  and  B.  Koc,  “Compact  Piezoelectric  Ultrasonic  Motors,”  Ferroelectrics 

230,  73-86  (1999). 

63.  Kim,  J.S.,  M.J.  Park,  and  K.  Uchino,  “Composite  Ultrasonic  Motors  Using  a 

Piezoelectric  Disk  and  an  Elastic  Body  of  “Windmill”  Type.”  Ferroelectrics 
232,  185-190  (1999). 

64.  Koc.  B.,  P.  Bouchilloux,  and  K.  Uchino,  “Piezoelectric  Micromotor  Using  A  Metal- 

Ceramic  Composite  Structure,”  IEEE  Trans.  Ultrasonic,  Ferroelectrics,  and 
Frequency  Control  (1999). 

5.0  MODELING  and  CHARACTERIZATION 

5.1  Simulation 

65.  Cao,  W.,  S.  Tavener,  and  S.  Xie,  “Simulation  of  Boundary  Condition  Influence  in  a 

Second-Order  Ferroelectric  Phase  Transition,”  J.  Appl.  Phvs.  86,  5739-5746 
(1999). 

66.  Shen,  M.  and  W.  Cao,  “Acoustic  Band-Gap  Engineering  Using  Finite  Size  Layered 

Structures  of  Multiple  Periodicity.”  Appl.  Phvs.  Lett.  75,  3713-3715  (1999). 

67.  Uchino,  K.,  and  H.  Aburatani,  “Field  Induced  Acoustic  Emission  in  Ferroelectric 

Ceramics,”  Proc.  101st  Annual  Mtg.  of  Amer.  Ceram.  Soc.,  Symp.  Dielectric 
Materials  and  Devices,  SE-56,  Indianapolis,  April  25  -  28  (1999).  [accepted] 

68.  Uchino,  K.,  J.  Zheng,  Y.H.  Chen,  X.  Du.  S.  Hirose,  and  S.  Takahashi,  “Loss 

Mechanisms  in  Piezoelectrics — Extrinsic  and  Intrinsic  Losses.”  Mater.  Res.  Soc. 
Fall  Mtg.  ‘99,  LL.1.6,  Boston,  Nov.  29-Dec.3  (1999). 

69.  Uchino,  K.  and  S.  Hirose,  “Loss  Mechanisms  in  Piezoelectrics,”  submitted  to  IEEE 

UFFC  Transactions  (1999). 

VOLUME  V 

70.  Uchino,  K.,  J.  Zheng,  Y.H.  Chen,  X.  Du,  and  S.  Hirose,  “Loss  Mechanisms  in 

Piezoelectrics,”  Mater.  Res.  Soc.  Fall  Mtg.  ‘99,  Boston  (Nov.  29-Dec. 3,  1999). 

5.2  Thin  and  Thick  Films 

71.  Abothu,  I.R.,  Y.  Ito,  P.  Poosanaas,  S.  Kalpat,  S.  Komameni,  and  K.  Uchino,  “Sol-Gel 

Processing  of  Piezoelectric  Thin  Films.”  Ferroelectrics  232,  191-195  (1999). 

72.  Kalpat,  S.,  I.R.  Abothu,  A.  Akiba,  H.  Goto,  S.  Trolier-McKinstry,  and  K.  Uchino, 

“Dielectric  and  Piezoelectric  Property  Dependence  on  Highly  Textured  (100), 
(111)  and  Random  Thin  Films  Grown  by  RF  Sputtering,”  Symp.  LL  Proc., 
Mater.  Res.  Soc.  Fall  Mtg.  ‘99,  LL.1.3,  Boston,  Nov.  29-Dec. 3  (1999). 

73.  Xu,  F.,  F.  Chu,  and  S.  Trolier-McKinstry,  “Longitudinal  Piezoelectric  Coefficient 

Measurement  for  Bulk  Ceramics  and  Thin  Films  Using  Pneumatic  Pressure  Rig,” 
J.  AdpI.  Phvs.  86  (1)  588  -594  (1999). 
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5 . 0  MODELING  and  CHARACTERIZATION 

5.2  Thin  and  Thick  Films  (continued) 

74.  Shepard,  J.  F.,  Jr.,  F.  Chu,  I.  Kanno,  and  S.  Trolier-McKinstry,  “Characterization  and 

Aging  Response  of  the  d3j  Piezoelectric  Coefficient  of  Lead  Zirconate  Titanate 
Thin  Films.”  J.  Appl.  Phys.  85(9),  6711-6716  (1999). 

75.  Xu,  B.,  Y.  Ye,  L.E.  Cross,  J.J.  Bernstein,  and  R.  Miller,  “Dielectric  Hysteresis  from 

Transverse  Electric  Fields  in  Lead  Zirconate  Titanate  Thin  Films. 

Applied  Physics  Letters  74  (23),  3549-3551  (1999). 

76.  Xu,  B.,  R.G.  Polcawich,  S.  Trolier-McKinstry,  Y.  Ye,  L.E.  Cross,  J.J.  Bernstein,  and 

R.  Miller,  “Sensing  Characteristics  of  In-Plane  Polarized  Lead  Zirconate 
Titante  Thin  Films,”  Applied  Physics  Letter  75  (26),  4180  (December  1999). 

77.  Xu,  B,  L.E.  Cross,  and  D.  Ravichandran,  “Synthesis  of  Lead  Zirconate  Titanate 

Stannate  Antiferroelectric  Thick  Films  by  Sol-Gel  Processing.”  J.  Am.  Ceramic 
Soc.  82  (2),  306-312  (1999). 

78.  Xu,  B.,  Y.  Ye,  Q.-M.  Wang,  and  L.E.  Cross,  “Dependence  of  Electrical  Properties  on 

Film  Thickness  in  Lanthanum-Doped  Lead  Zirconate  Titanate  Stannate 
Antiferroelectric  Thin  Films.”  Journal  of  Applied  Physics  85  (7),  3753-3758 
(1999). 

5.3  Domain  Studies 

79.  Belegundu,  U.,  X.H.  Du,  A.  Bhalla,  and  K.  Uchino,  “Effect  of  Electric  Field  on 

Domain  Formation  in  Relaxor  Based  Pb(Zni/3Nb2/3)03-PbTi03  Single 
Crystals.  Ferroelectrics  Letters  26  (5-6),  107-116  (1999). 

80.  Belegundu,  U.,  X.H.  Du,  L.E.  Cross  and  K.  Uchino,  “In  Situ  Observation  of  Domains 

in  0.9Pb(Zni/3Nb2/3)O3-0.1PbTiO3  Single  Crystals.”  Ferroelectrics  221, 

67-71  (1999).  (First  Author  Supervised  by  Candidate). 

8 1 .  Hatch,  D.M.  and  W.  Cao,  “Determination  of  Domain  and  Domain  Wall  Formation  at 
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Observation  of  Dynamic  Ferroelectric  Phase  Transition  and  Static  Domain 
Structures  in  Crystal  Ion  Sliced  (CIS)  LiNb03  Film.”  Materials  Letters  39,  264- 
267  (1999). 

5. 4  Electrostriction 
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ABSTRACT 

This  report  describes  the  research  performed  over  the  period  of  1  January  1999  to 
31  December  1999  on  a  MURI  under  Office  of  Naval  Research  contract  N0001 4-96-1-1 173 
on  the  topic  “Acoustic  Transduction:  Materials  and  Devices”  brings  together  work  from  the 
Materials  Research  Laboratory  (MRL),  the  Applied  Research  Laboratory  (ARL),  and  the 
Center  for  Acoustics  and  Vibrations  (CAV)  at  The  Pennsylvania  State  University.  As  has 
become  customary  over  many  years  research  on  the  program  is  described  in  detail  in  the  8  7 
technical  appendices  to  this  report  and  only  a  brief  narrative  description  connecting  this 
research  is  given  in  the  text. 

Perhaps  the  most  outstanding  accomplishment  of  the  year  is  a  “spin  on”  from  our 
earlier  single  crystal  studies  now  involving  Brookhaven  National  Laboratory  and  Professor 
Gonzalo’s  group  in  Madrid,  Spain.  Using  exceptionally  homogeneous  polycrystal  lead 
zirconate  titanate  samples  prepared  in  MRL,  precise  synchotron  x-ray  analysis  has  confirmed 
a  new  monoclinic  phase  at  lower  temperature  in  composition  close  to  the  important 
morphotropic  phase  boundary.  This  work  demands  a  re-thinking  of  both  intrinsic  and 
extrinsic  contributions  to  response  in  this  most  important  practical  transducer  material 
family.  Domain  Engineering/Domain  Averaging  in  lead  zinc  niobate:lead  titanate  (PZN:PT) 
in  lead  magnesium  niobate:lead  titante  (PMN:PT)  and  inn  barium  titanate  (BaTi03) 
continues  to  offer  single  crystal  systems  with  outstanding  transducer  and  actuator  properties 
and  new  insights  into  the  field  induced  strain  mechanisms  in  all  perovskite  type 
piezoelectrics.  Excellent  progress  with  the  new  high  strain  irradiated  P(VDF:TrFE)  relaxor 
ferroelectric  copolymer  system  has  helped  catalyze  a  new  DARPA  initiative  in  this  area  and 
a  re-awakening  of  interest  in  the  whole  area  of  electrostrictive  polymer  systems. 

A  primary  objective  of  this  MURI  grouping  was  to  help  shorten  the  time  constant  for 
new  materials  and  device  concepts  to  be  applied  in  practical  Navy  Systems.  We  believe  this 
has  now  been  realized  in  joint  work  on  the  composite  cymbal  type  flextensional  arrays  for 
large  area  projectors,  and  in  the  progress  made  towards  a  micro-tonpilz  array  system. 

Original  work  on  new  step  and  repeat  piezoelectric  high  strain  systems  continues  to 
make  good  progress  now  using  commercial  motion  rectifiers  to  produce  both  linear  and 
rotary  systems  with  high  torque  capability.  New  composite  designs  are  pushing  toward  1  mm 
diameter  motors  in  the  size  regimen  where  there  are  real  difficulties  for  conventional 
electromagnetic  designs. 

A  new  area  of  activity  this  year  is  in  piezoelectric  transformers  where  a  circular 
symmetry  design  in  conjunction  with  controlled  inhomogeneous  poling  is  shown  to  offer 
capabilities  which  are  of  real  interest  for  energy  recovery  actuator  power  systems.  Basic 
studies  have  evolved  a  new  environmental  SEM  technique  for  high  resolution  domain  wall 
studies  without  changing  problems.  Work  is  continuing  on  reliable  measurements  of 
electrostrictive  constants  in  simple  solids  confirming  by  both  direct  and  converse  methods 
and  permitting  the  first  generalization  of  trends  in  these  fundamentally  important  coupling 
constants. 

INTRODUCTION 

This  report  describes  research  performed  over  the  period  of  1  January  1999  to 
31  December  1999  on  a  MURI  under  Office  of  Naval  Research  contract  N00014-96-1 173  on 
the  topic  “Acoustic  Transduction  Materials  and  Devices.”  This  program  commenced  on 
31  July  1996  and  brings  together  activities  in  the  Materials  Research  Laboratory  (MRL),  the 
Applied  Research  Laboratory  (ARL),  and  the  Center  for  Acoustics  and  Vibrations  (CAV)  at 
The  Pennsylvania  State  University.  The  principal  investigator  on  this  program  is 
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Dr.  Kenji  Uchino,  Professor  of  Electrical  Engineering  at  Penn  State.  The  program  officer  for 

the  Office  of  Naval  Research  is  Dr.  Jan  Lindberg. 

The  overall  objective  of  the  program  is  the  development  of  acoustic  transduction 
materials  and  devices  of  direct  relevance  to  U.S.  Navy  needs,  but  also  with  relevant 
application  capability  in  commercial  sector  products.  A  continuing  emphasis  is  upon  high 
performance  high  sensitivity  sensors  and  upon  high  authority  high  strain  actuators  for 
transducing  functions.  New  materials  and  improved  material  systems  are  being  developed  on 
the  program.  These  studies  are  affording  new  insights  into  the  strain  mechanisms  in  already 
widely  used  ceramics  and  polymers  and  are  developing  needs  for  new  device  structures  and 
improved  drive  and  control  strategies.  There  is  a  proper  emphasis  upon  performance  and 
reliability  under  the  wide  range  of  operating  conditions  consonant  with  Navy  needs. 

Responsibility  for  the  program  elements  are  assigned  as  follows: 


MATERIAL  STUDIES 
COMPOSITE  SYSTEMS 
DEVICE  STRUCTURES 
MODELING 

DEVICE  FABRICATION  and  TESTING 

AIR  ACOUSTICS:  STEP  and  REPEAT  SYSTEMS 


A.S.  Bhalla 
R.E.  Newnham 
T.R.  Shrout 
W.  Cao 
W.J.  Hughes 
G.  Lesieutre 


Layout  of  the  report  follows  long  established  precedent  drawing  upon  the  87 
published  papers  that  are  included  as  appendices  with  a  very  brief  narrative  summary  to 
interconnect  the  different  studies.  In  this  report  the  topics  are  clustered  as  follows: 


1 . 0  GENERAL  SUMMARY  PAPERS 
2.0  MATERIALS  STUDIES 


2.1 

Polycrystal  Perovskite  Ceramics 

2.2 

Single  Crystal  Systems 

2.3 

High  Strain  Polymers 

3.0 

TRANSDUCER  STUDIES 

3.1 

Composite  Transducers 

3.2 

3  Dimensional  Acoustic  Intensity  Probes 

3.3 

Piezoelectric  Transformers 

4.0 

ACTUATOR  STUDIES 

4.1 

Materials  and  Designs 

4.2 

Photostriction 

4.3 

High  Force  Torsional  Actuators 

4.4 

Piezoelectric  Mini  Motors 

5.0 

MODELING  and  CHARACTERIZATION 

5.1 

Simulation 

5.2 

Thin  and  Thick  Films 

5.3 

Domain  Studies 

5.4 

Electrostriction 

1 .0  GENERAL  SUMMARY  PAPERS 

In  December  of  1998,  Dr.  Robert  E.  Newnham  retired  taking  Emeritus  status  at 
Penn  State.  There  is  certainly  no  better  way  to  start  this  1999  year  report  than  a  brief  tribute 
to  his  long  highly  productive  career  as  exemplified  at  the  Newnham  Festschrift  Session  of  the 
innovations  in  Materials  Conference  in  Washington,  DC,  July  1999  (1).  His  insights  and  true 
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social  concerns  are  further  evidenced  in  the  European  Ceramic  Society  Plenary  Address  (2). 
New  trends  in  Ceramic  Actuators  (3)  and  their  broadening  use  in  smart  composite  materials 
(4,5)  are  well  described  by  Uchino  and  co-authors.  The  possibilities  for  a  very  different 
charge  separation  mechanism  in  insulators,  flexoelectricity  is  discussed  in  (6). 

2.0  MATERIALS  STUDIES 

2. 1  Polycrystal  Perovskite  Ceramics 

A  most  exciting  new  discovery  in  the  phase  behavior  of  the  widely  used  lead  zirconate 
titanate  PZT  family  materials  is  delineated  in  (7,8,9,10).  Very  careful,  precise  x-ray  analysis 
using  the  synchotron  facility  at  Brookhaven  on  highly  homogeneous  samples  prepared  at 
Penn  State  has  shown  unequivocal  evidence  of  a  monoclinic  symmetry  phase  just  at  the 
critical  52:48  composition  of  the  Morphotropic  Phase  Boundary  (MPB)  on  the 
rhombohedral  side  of  the  boundary.  No  doubt  this  phase  plays  an  important  role  in  the 
continuity  of  D  in  the  poled  PZT  and  offers  the  possibility  of  a  completely  new  extrinsic 
contribution  to  weak  field  response.  Influence  of  external  applied  stress  on  hard  and  soft 
PZTs  is  explored  in  (11),  results  agree  well  with  the  expectation  from  defect  dipole  hardening 
in  the  hard  materials.  High  frequency  characterization  is  discussed  in  (12)  for  the  range  20-60 
MHz.  The  effects  of  stress  on  the  ceramic  0.9  PMN:0.1  PT  are  examined  in  (13,14)  and 
provide  an  interesting  indirect  assessment  of  the  scale  of  the  micropolar  regions  responsible 
for  the  relaxor  behavior. 

Several  different  solid  solution  systems  are  considered  in  (15,16,17,18).  For 
Bi(NiTi)i/203:PbTi03  compositions  with  high  hydrostatic  dh  are  demonstrated  (15)  giving 
figure  of  merit  d^gh  =  1055.10  ^m^/N  lead  indium  niobate:lead  titanate  at  the  high  PIN  end 
(16)  shows  typical  relaxor  behavior,  with  low  hysteresis  in  field  induced  X33  and 
correspondingly  low  Pr.  In  Pb(Inj/2Tai/2)03:PbTi03  MPB  compsitions  (17)  are  explored  at 
38  mole%  PT  with  Tc  ~  248°C  and  d33  ~  302  pC/N.  Iron  doped  Pb(Sci/2Nbi/2)03:PbTi03  at 
the  MPB  composition  (18)  is  examined  for  high  power  applications  and  shown  to  have 
quality  factor  Qm  =  297  with  0.3  wt%  Fe2C>3  added.  Properties  of  hydrothermal  PLZT 
powders  are  discussed  in  (19)  that  compares  traditional  and  microwave  assisted  synthesis.  A 
second  avenue  to  explore  “hardening”  mechanisms  is  in  the  PMN:PT  family  at  compsoites 
close  to  the  MPB  using  different  doping  schemes  (20,21).  Following  from  the  massive 
anisotropy  observed  in  single  crystals,  measurements  have  been  carried  out  of  induced 
anisotropy  in  poled  polycrystal  PZT  (22).  It  is  gratifying  to  find  that  in  the  rhombohedral 
phase  a  weak  peak  occurs  for  a  45°  tilt  to  Pr  whilst  in  the  tetragonal  phase  d33  effective 
continuously  decreases  with  tilt  angle. 

2.2  Single  Crystal  Systems 

The  domain  configuration  engineering  in  001  field  poled  rhombohedral  PZN:PT 
crystals  is  discussed  in  (23-28).  Stability  of  the  polydomain  001  poled  structure  is  contrasted 
in  (23)  with  the  lower  stability  of  the  111  poled  state.  Weak  field  measurements  are  shown  to 
give  equivalent  values  of  dh  in  both  111  and  001  poled  PZN  4.5%  PT  in  (24).  The  more 
general  problem  of  twinned  ferroelectric  crystals  is  discussed  in  (25)  and  symmetries  derived 
for  twinned  LiNbC>3  and  BaTiC>3.  Elastic,  Dielectric,  and  Piezoelectric  properties  for  001 
poled  PZN  4.5  PT  are  examined  in  (26)  and  a  very  soft  110  directed  shear  mode  identified. 
Defect  induced  domain  like  properties  are  described  in  (27)  for  PZN  single  crystals  and 
suggested  to  be  defect  related.  Domain  switching  is  examined  in  (28)  for  both  PZN  4.5  %PT 
and  PZN  9%PT.  Under  these  high  fields  evidence  for  the  co-existence  of  both  tetragonal  and 
rhombohedral  phases  is  adduced.  Crystalographically  engineered  BaTiC>3  crystals  are  discussed 
in  (29,30)  where  very  high  values  of  d33  and  k33  are  observed  in  001  oriented  crystals  near 


11 


ONR/MURI 1999  Annual  Report 


the  ferroelectric : ferroelectric  phase  transitions  (29)  and  at  room  temperature  canted  cuts  are 
shown  both  experimentally  and  theoretically  to  have  enhanced  effective  d33  up  to  a  tilt  angle 
~50°  (30). 

In  an  important  paper,  the  fully  panoply  of  electro-optic  constants  for  88  ^ 
PZN:12%  PT  are  measured  (31)  and  the  expected  high  values  of  rsi  delineated 

2.3  High  Strain  Polymers 

Evidence  is  presented  for  the  very  useful  high  electrostrictive  strain  capability  in  high 
energy  electron  irradiated  P(VDF:TrFE)  copolymers.  In  (32)  structural  and  polarization 
properties  are  discussed.  Relaxor  behavior  is  confirmed  in  the  dielectric  response  by  close 
agreement  with  Vogel: Fulcher  law.  Transverse  strain  that  is  the  most  important  parameter  in 
polymers  is  shown  to  be  enhanced  by  drawing  (33)  and  a  very  neat  cantilever  beam 
dilatometer  for  such  transverse  strain  measurement  is  explored  in  (34).  That  high  strain  can 
even  be  generated  at  high  mechanical  stress  levels  is  confirmed  in  (35). 

3 . 0  TRANSDUCER  STUDIES 

3.1  Composite  Transducers 

One  of  the  earliest  structures  evolved  in  the  Penn  State  composite  transducer 
program  was  the  1 :3  composite.  It  has  proven  to  be  most  effective  and  versatile  in  both 
Navy  and  commercial  systems,  however  only  recently  has  the  theory  developed  to  the  state 
of  being  able  to  properly  describe  the  resonant  modes  and  losses  (36).  Current  status  in  both 
polymerxeramic  and  metalxeramic  composites  is  summarized  in  (37,38)  covering  both 
sensing  and  actuation  functions. 

Larger  area  projectors  using  cymbal  type  composites  have  been  assembled  and  tested 
(39)  with  most  encouraging  results  for  shallow  water  applications.  Tests  on  single  cymbals  are 
discussed  in  (40),  and  the  requirements  for  the  planar  3x3  cymbal  array  in  (41).  A  new 
design  that  has  been  tested  up  to  much  higher  pressure  uses  a  ring  transducer  with  concave 
cymbal  caps  (42).  It  has  been  shown  to  stand  6MPa  pressure  and  to  be  amenable  to  high 
sensitivity  array  construction.  For  piezoelectric  hollow  mini  spheres  resonant  performance 
has  been  examined  for  both  radial  and  transverse  poling.  Hydrostatic  charge  coefficients  dh 
from  600  to  1,800  pC/N  have  been  measured  (43). 

A  new  type  of  piezoelectric  tensegrity  structure  is  discussed  in  (44)  and  shown  to 
yield  hydrostatic  response  of  700  pC/N.  Applications  of  piezoelectrics  and  composites  as 
both  sensors  and  actuators  forming  smart  structures  are  discussed  in  (45)  and  possible 
application  in  fish  farming  and  beyond  underscored. 

3.2  3  Dimensional  Acoustic  Intensity  Probes 

A  most  interesting  displacement,  displacement  (u.u)  sensing  intensity  probe  is 
discussed  in  (46)  where  a  new  theoretical  approach  is  used  to  compute  acoustic  intensity  from 
particle  velocity  at  two  closely  spaced  locations. 

The  problem  of  turbulent  wall  pressure  fluctuations  downstream  from  a  rearward 
facing  profile  step  is  considered  in  (47)  where  a  new  form  for  the  non  dimensional  point  wall 
pressure  auto-frequency  spectrum  is  proposed  that  includes  the  statistical  variation  of  the 
reattachment  locations. 

3.3  Piezoelectric  Transformers 

A  new  type  of  circular  piezoelectric  transformer  is  discussed  in  (48).  To  make  use  of 
the  higher  shear  mode  constants  of  PZT,  crescent  shaped  electrodes  at  the  input  side  and 
focused  poling  direction  at  the  output  is  designed  so  that  planar  and  shear  mode  coupling 
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factors  became  effective  rather  than  the  lower  transverse  mode  coupling.  A  prototype  three- 
layer  disk  type  operating  at  a  frequency  of  153  kHz  is  discussed  in  (49). 

4.0  ACTUATOR  STUDIES 

4. 1  Materials  and  Designs 

Recent  trends  in  actuator  development  are  summarized  in  (50)  with  a  focus  on  high 
coupling  piezoelectrics.  A  new  type  of  bending  mode  device  is  discussed  in  (51)  using  a 
transverse  rather  than  thickness  mode  in  a  multilayer  structure.  The  more  conventional 
bending  mode  bimorph  and  unimorph  are  discussed  in  (52)  which  gives  four  detailed  examples 
of  derivations  for  unimorph  structures.  A  more  complete  analysis  of  the  reduction  process 
involved  in  fabricating  RAINBOW  bending  mode  actuators  is  given  in  (53)  that  determines 
both  the  diffusion  rate  constant  and  activation  energy  for  the  oxygen  vacancy  dominated 
process.  An  interesting  new  type  of  amplified  torsional  vibrator  is  discussed  in  (54)  where 
increased  gain  is  not  at  the  expense  of  torque.  The  application  of  bimorphs  as  cooling 
element  drivers  for  electron  devices  is  discussed  in  (55). 

4.2  Photostriction 

Photostriction  in  tungsten  modified  PLZT  compositions  is  examined  in  (56,57). 
Light  driven  relays  and  walking  devices  have  been  demonstrated  in  bimorph  configuration 
(56)  and  it  is  shown  that  maximum  photo  current  and  maximum  photo  voltage  occur  with 
slightly  different  La  concentration.  Material  figures  of  merit  are  given  that  include  both 
magnitude  of  strain  and  response  speed  (57). 

4.3  High  Force  Torsional  Actuators 

Work  on  the  program  has  continued  to  make  major  improvements  in  step  and  repeat 
inchworm  type  actuators.  A  new  design  for  the  classic  inchworm  is  discussed  in  (58)  that 
yields  force  -150N,  unlimited  displacement,  holding  force  of  350N  and  precise  sub-micron 
positioning  precision.  An  alternative  wedge  worm  device  is  described  in  (59)  with  a  much 
simplified  structure  yielding  force  ~250N  throw  of  25mm  and  a  speed  of  8mm/sec.  A  rotary 
form  of  the  wedgeworm,  using  roller  clutches  is  examined  in  (60)  with  demonstrated  steady 
torque  of  05Nm  and  speed  of  450  RPM. 

4. 4  Piezoelectric  Mini  Motors 

The  whole  area  of  piezoelectric  motor  development  appears  poised  for  major 
advance  with  high  torque  (60),  high  efficiency  (61)  and  new  very  compact  motor  types  now 
under  development.  The  torsional  amplifier  discussed  earlier  (54)  has  been  adapted  using  a 
roler  clutch  to  develop  (61)  a  highly  efficient  rotary  stepping  motor  with  high  angular 
precision.  A  more  general  discussion  of  motor  principles  is  given  in  (62)  with  emphasis  upon 
the  possibility  of  very  compact  motors.  The  composite  “Windmill”  type  small  motor  is 
discussed  in  (63)  and  a  very  compact  simple  to  construct  miniature  variant  is  considered  in 
(64).  This  very  simple  structure  provides  a  starting  torque  of  17|iNm  for  a  driving  voltage  of 
20  V  rms. 

5 . 0  MODELING  and  CHARACTERIZATION  STUDIES 

5.1  Simulation 

Using  a  two-dimensional  Ginsburg-Landau  model  with  finite  element  computation 
stable  domain  structures  are  calculated  for  the  state  resulting  from  a  second  order  ferroelectric 
phase  change  (65).  Acoustic  band  gap  engineering  (66)  is  explored  for  finite  size  layer 
structures.  It  is  found  that  very  sharp  pass  bands  and  broad  stop  bands  can  be  engineering 
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using  only  3-4  cells  of  a  two-phase  layer  structure.  Field  induced  acoustic  emission  in 
ferroelectric  ceramics  is  discussed  in  (67).  For  bipolar  fields  it  is  suggested  that  both  domain 
reorientation  and  piezoelectric  deformation  can  contribute. 

The  important  topic  of  loss  mechanisms  in  piezoelectrics  is  examined  in  (68,69,70). 
These  papers  set  up  the  phenomenological  relations  to  separate  and  measure  the  dielectric, 
mechanical,  and  piezoelectric  contributions  to  loss.  It  is  shown  that  off  resonance  at  high 
drives,  heat  generation  is  mostly  through  electrical  loss  tan  8  (P-E  hysteresis  loss).  Based  on 
these  works,  it  is  suggested  that  for  high  power  applications  antiresonant  mode  may  be  more 
effective  since  the  Q  is  larger  than  at  resonance. 

5.2  Thin  and  Thick  Films 

Sol-gel  processing  has  been  used  to  produce  001  oriented  PZT  thin  films  in  the 
rhombohedral  phase  (71)  with  80/20  Zr/Ti  films  showing  28  pc/cm  Pr  and  Ec  ~17  kV/cm. 

Both  001  and  111  oriented  films  of  PZT  have  been  produced  by  reactive  sputtering 
(72)  and  it  is  shown  that  the  001  oriented  films  show  lower  coercivity  and  squarer  hysteresis. 
Using  a  newly  designed  pneumatic  test  rig  (73)  piezoelectric  d33  constants  have  been 
measured  for  both  bulk  and  thin  films  PZTs.  For  the  bulk  samples  pneumatic,  Berlincourt 
meter  and  optical  dilatometer  measurements  yield  consistent  results.  Aging  of  d3i  has  been 
measured  in  both  sputtered  and  sol-gel  films  (74)  and  shown  to  be  a  strong  function  of  film 
thickness  with  very  high  rates  in  the  thinner  films. 

To  exploit  the  higher  d33  in  thin  film  bending  mode  devices  bilayer  PZT:ZrC>2  films 
have  been  produced  by  sol-gel  processing  (75).  Excellent  hysteresis  is  observed  for  fields 
applied  with  interdigitated  electrodes.  Very  high  sensor  sensitivity  can  be  achieved  in  the 
bilayer  diaphragm  (76)  since  thickness  and  electrode  spacing  on  the  PZT  can  now  be 
controlled  separately.  Both  square  and  slanted  double  hysteresis  effects  have  been  generated 
in  lanthanum  and  in  niobium  modified  lead  zirconate  titanate  stannate  antiferroelectric  films 
(77).  Polarization  in  the  range  35-40  pc/cm  with  zero  remanence  can  be  generated  (78) 
where  both  thin  and  thick  films  have  been  examined. 

5. 3  Domain  Studies 

Domain  switching  has  been  observed  in  0.9  PZN:0.1  PT  crystals  under  the  influence 
of  both  001  and  111  oriented  fields  (79).  For  001  orientation  a  single  domain  tetragonal 
phase  can  be  achieved  at  higher  field  levels.  Temperature  studies  on  a  similar  composition  in 

(80)  where  it  was  observed  that  single  phase  rhombohedral  symmetry  was  not  obtained  even 
at  -100°C.  More  general  determination  of  domain  and  domain  wall  formation  is  discussed  in 

(81)  using  group  theory  and  a  Landau  Ginsburg  expansion.  Dependence  of  the  wall  profile  on 
the  expansion  coefficients  in  the  energy  is  discussed.  The  interesting  environmental  scanning 
electron  microscope  (ESEM)  technique  for  exploring  ferroelectric  domain  structure  on 
insulating  surfaces  without  surfaces  charging  is  described  in  (82).  The  images  observed  in  a 
conventional  SEM  are  discussed  in  (83)  and  the  differences  between  pyroelectric  and 
piezoelectric  contrast  are  described. 

Nonlinear  ferroelectric  wall  response  in  an  incommensurate  Rb2ZnCl4  crystal  is 
analyzed  in  (84)  and  compared  to  response  in  PZTs.  Similarities  between  these  very  different 
systems  are  suggested  to  stem  from  a  universal  model  for  the  nonlinearity. 

Intriguing  optical  microscopy  of  the  surfaces  of  ion  sliced  LiNbC>3  crystals  show 
complex  surface  domain  structures,  but  the  ferroelectric  phase  change  at  1163'C  is  unaffected 
by  the  ion  slicing  process  (85). 
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5. 4  Electrostriction 

Electrostriction  is  the  fundamental  coupling  between  electric  polarization  and  elastic 
strain  in  all  insulating  crystals.  It  is  almost  scandalout  that  no  Standards  organization  in  the 
world  has  ever  made  any  effort  to  make  reliable  measurements  of  electrostriction  in  simple 
solids  and  until  the  Penn  State  work  there  were  no  reliable  constants  in  the  literature.  Using 
both  the  converse  effect  (86)  and  combinations  of  direct  and  converse  measurements  (87)  it 
is  shown  that  reliable  data  can  be  achieved  and  the  general  relation  governing  electrostriction 
in  simple  solids  can  be  explored. 
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a  Fully-Developed,  Equilibrium  Turbulent  Boundary  Layer,”  submitted  to 
Exp.  Fluids  (May  1999);  revisions  in  process. 

19.  Howe,  M.S.,  G.C.  Lauchle,  and  J.  Wang,  “Aerodynamic  Lift  and  Drag  Fluctuations  of 

a  Sphere,”  submitted  to  J.  Fluid  Mechanics  (May  1999). 

20.  Capone,  D.E.  and  G.C.  Lauchle,  “Modeling  the  Unsteady  Lift  and  Drag  on  a  Finite- 

Length  Circular  Cylinder  in  Cross-Flow,”  accepted  for  publication  in  J.  Fluids 
and  Structures  (September  24,  1 999). 

21.  Wang,  J.,  G.C.  Lauchle,  and  M.S.  Howe,  “Hydrodynamic  Lift  and  Drag  Fluctations  on 

a  Sphere  in  Uniform  Flow,”  in  preparation  for  submittal  to  J.  Acoust.  Soc.  Am. 

22.  Gavin,  J.R.  and  G.C.  Lauchle,  “The  Effects  of  Blade  Sweep  on  Low  Frequency  Pump 

Noise,”  in  preparation  for  Proc.  ASME  Winter  Annual  Meeting  (2000). 

23.  Gavin,  J.R.  and  G.C.  Lauchle,  “A  Two-Point  Anisotropic  Turbulence  Model  for 

Predicting  Low  Frequency  Pump  Noise,”  in  preparation  for  ASME  Winter 
Annual  Meeting  (2000). 

24.  Brungart,  T.A.  and  G.C.  Lauchle,  “Modifications  of  a  Handheld  Vacuum  Cleaner  for 

Noise  Control,”  submitted  to  Noise  Control  Eng.  J  (February  2000). 

25.  Lauchle,  G.C.  and  T.A.  Brungart,  “Handheld  Vacuum  Cleaner  Noise  Control,”  invited 

paper  for  InterNoise  2000  to  be  held  in  August  2000  in  Nice,  France. 

26.  Alberta,  E.F.,  A.S.  Bhalla,  and  M.  Adachi,  “Temperature  Dependence  of  the 

Piezoelectric  and  Dielectric  Coefficients  of  Niobium-doped 
Pb(Sci/2Nbi/2)o.575Tio.425)03  Ceramics,”  accepted  for  publication  in 
Ferro  electrics. 

27.  Alberta,  E.F.,  R.  Guo,  and  A.S.  Bhalla,  “Structure-Property  Diagrams  of  Ferroic  Solid 

Solutions.  Part  I:  Perovskite  Relaxor  Ferroelectrics  with  Morphotropic  Phase 
Boundaries,”  accepted  for  publication  in  Ferroelectrics  Review. 
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28.  Frank,  J.E.,  G.H.  Koopmann,  W.  Chen,  and  G.A.  Lesieutre,  “Design  and  Performance 

of  a  High  Force  Piezoelectric  Inchworm  Motor,”  Journal  of  Intelligent 
Structures  (April  1999). 

29.  Poosanaas,  P.,  K.  Tonooka,  I.R.  Abothu,  S.  Komameni,  and  K.  Uchino,  “Influence 

of  Composition  and  Dopant  on  Photostriction  in  Lanthanum-Modified  Lead 
Zirconate  Titanate  Ceramics,”  submitted  to  J.  Intelligent  Mater.  Systems  and 
Structures  (1999).  (First  Author  Supervised  by  Candidate). 

30.  Poosanaas,  P.,  A.  Dogan,,  A.V.  Prasadarao,  S.  Komameni,  and  K.  Uchino,  “Effect  of 

Ceramic  Processing  Methods  on  Photostrictive  Ceramics,”  submitted  to 
J.  Advanced  Performance  Mater.  (1997). 

3 1 .  Uchino,  K.  and  S.  Hirose,  “Loss  Mechanisms  in  Piezoelectrics,”  submitted  to 

IEEEUFFC  Transactions  (1999).  (Principal  Author) 

32.  Belegundu,  U.,  X.H.  Du,  and  K.  Uchino,  “Switching  Current  Dependence  on  Crystal 

Orientation  for  Relaxor  Based  Ferroelectric  Single  Crystals,  submitted  to 
Electroceramics  (1999). 

33.  Yao,  K.,  K.  Uchino,  Y.  Xu,  S.  Dong,  and  L.C.  Lim,  “Compact  Piezoelectric  Stacked 

Actuators  for  High  Power  Applications,”  submitted  to  IEEE  Trans.  UFFC 
(1999). 

34.  Chen,  Y.H.,  D.  Viehland,  and  K.  Uchino,  “Substituent  Effects  in  0.65Pb(Mgi/3 

Nb2/3)O3-0.35PbTiO3  Piezoelectric  Ceramics,”  submitted  to  Jpn.  J.  Appl. 
Phys.  (2000). 

35.  Du,  X.H.,  Q.M.  Wang,  and  K.  Uchino,  “Accurate  Determination  of  Complex 

Dielectric,  Elastic,  and  Piezoelectric  Coefficients  of  Piezoelectric  Materials,” 
submitted  to  IEEE  Trans.  UFFC  (2000). 

36.  Zheng.  J.,  Y.H.  Cheng,  and  K.  Uchino,  “Pulse  Drive  Method  for  Determining  High 

Electric-Field  Electromechanical  Coupling  Parameters,”  submitted  to 
J.  Electroceramics  (2000). 

37.  Kalpat,  S.,  I.R.  Abothu,  A.  Akiba,  H.  Goto,  S.  Trolier-McKinstry,  and  K.  Uchino, 

“Dielectric  and  Piezoelectric  Property  Dependence  on  Highly  Textured  (100), 
(111)  and  Random  Thin  Films  Grown  by  RF  Sputtering,”  Symp.  LL  Proc., 
Mater.  Res.  Soc.  Fall  Mtg.  ‘99,  LL.1.3,  Boston,  Nov.  29-Dec.3  (1999). 

38.  Uchino,  K.,  J.  Zheng,  Y.H.  Chen,  X.  Du,  and  S.  Hirose,  “Loss  Mechanisms  in 

Piezoelectrics,”  Mater.  Res.  Soc.  Fall  Mtg.  ‘99,  LL.1.6,  Boston  (Nov.  29- 
Dec.3,  1999). 

39.  Belegundu,  U.,  H.  Aburatani,  and  K.  Uchino,  “Studies  on  Switching  Current  in  Relaxor 

Based  (l-x)PZN-xPT  Single  Crystals,”  Symp.  LL  Proc.,  Mater.  Res.  Soc.  Fall 
Mtg.  ‘99,  LL.1.9,  Boston  (Nov.  29-Dec.3,  1999). 

40.  Bouchilloux,  P.,  K.  Craig,  B.  Koc  and  K.  Uchino,  “Design  and  Construction  of  a 

Rotary  and  a  Linear  Ultrasonic  Motors  with  Free  Stators,”  Symp.  LL  Proc., 
Mater.  Res.  Soc.  Fall  Mtg.  ‘99,  LL.2.10,  Boston  (Nov.  29-Dec.3,  1999). 

4 1 .  Koc,  B.,  Y.  Gao,  and  K.  Uchino,  “Disk  Type  Piezoelectric  Transformer  Design 

Employing  High  Power  Piezoelectric  Ceramic  Material,”  Mater.  Res.  Soc.  Fall 
Mtg.  ‘99,  LL.5.8,  Boston  (Nov.  29-Dec.3,  1999). 

42.  Koc,  B.,  S.  Alkoy,  and  K.  Uchino,  “A  Circular  Piezoelectric  Transformer  with 

Crescent  Shape  Input  Electrodes,”  Proc.  IEEE  Ultrasonic  Symp.,  Lake  Tahoe, 
Nevada  (Oct.  17-21,  1999). 

43.  Poosanaas,  P.,  K.  Tonooka  and  K.  Uchino,  “Photostrictive  Actuators,” 

J.  Mechatronics  (1999)  [in  press]. 
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44.  Koc.  B.,  P.  Bouchilloux,  and  K.  Uchino,  “Piezoelectric  Micromotor  Using  A  Metal- 

Ceramic  Composite  Structure,”  IEEE  Trans.  Ultrasonic,  Ferroelectrics,  and 
Frequency  Control  (1999).  [in  press]. 

45.  Chen,  Y.  H.,  S.  Hirose,  D.  Viehland,  S.  Takahashi,  and  K.  Uchino,  “Mn-Modified 

Pb(Mgi/3Nb2/3)03-PbTi03  Ceramics:  Improved  Mechanical  Quality  Factors 
for  High  Power  Transduction  Applications,”  Jpn.  J.  Appl.  Phys.  (1999). 

[accepted]. 

46.  Uchino,  K„  and  J.  Zheng,  Y.H.  Chen,  X.  Du  and  S.  Hirose,  “Loss  Mechanisms  in 

Piezoelectrics  and  Resonance/  Antiresonance,”  Proc.  101st  Annual  Mtg.  of 
Amer.  Ceram.  Soc.,  Symp.  Dielectric  Materials  and  Devices,  SE-27, 

Indianapolis  (April  25  -  28,  1999).  [accepted] 

47.  Uchino,  K.,  and  H.  Aburatani,  “Field  Induced  Acoustic  Emission  in  Ferroelectric 

Ceramics,”  Proc.  101st  Annual  Mtg.  of  Amer.  Ceram.  Soc.,  Symp.  Dielectric 
Materials  and  Devices,  SE-56,  Indianapolis,  April  25  -  28  (1999).  [accepted] 

48.  Uchino,  K.,  “Smart  Composite  Materials,”  Chap.5.19,  Comprehensive  Composite 

Materials,  Elsevier  Science,  Oxford,  UK  (2000).  [in  press] 

49.  Kelly,  A.,  R.  Davidson,  and  K.  Uchino  “Smart  Composite  Materials  Systems,” 

Chap. 5.20,  Comprehensive  Composite  Materials,  Elsevier  Science,  Oxford,  UK 
(2000).  [in  press] 

50.  Tressler,  J.  and  K.  Uchino,  “Piezoelectric  Composite  Sensors,”  Chap.5.25, 

Comprehensive  Composite  Materials,  Elsevier  Science,  Oxford,  UK  (2000). 

[in  press] 

51.  Uchino,  K.,  “Piezoelectric  Actuators,”  Chap. 6.1,  Comprehensive  Composite 

Materials,  Elsevier  Science,  Oxford,  UK  (2000).  [in  press] 

52.  Koc,  B.  and  K.  Uchino,  “Ultrasonic  Motors,”  Chap.6.2,  Comprehensive  Composite 

Materials,  Elsevier  Science,  Oxford,  UK  (2000).  [in  press] 

53.  Yu,  H.,  V.  Goplan,  J.  Sindel,  and  C.A.  Randall,  “Domain  Switching  and 

Electromechanical  Properties  of  Pulse  Poled  PZN-PT  Crystals,”  accepted 
J.  Appl.  Physics.  (1999). 

1 0.0  PAPERS  APPEARING  IN  NON  REFEREED  PUBLICATIONS 

1 .  Yimnirun,  R.,  S.  Eury,  V.  Sundar,  P.J.  Moses  and  R.E.  Newnham,  “Compressometer 

Based  Method  for  Measuring  Converse  Electrostriction  in  Polymers,”  1999 
Annual  Report  Conference  on  Electrical  Insulation  and  Dielectric  Phenomena 
(IEEE-CEIDP  99),  pp.  338-341  (1999). 

2.  Zhang,  Q.M.,  V.  Bharti,  Z.Y.  Cheng,  X.Z.  Zhao,  F.  Tito,  T.  Ramotowski,  and  R.  Ting, 

“Electromechanical  Behavior  of  Electrostrictive  P(VDF-TrFE)  Copolymers,” 

Proc. 1999  SPIE  Conf  Smart  Structures  and  Materials ,  Vol.  3669,  134-144 
(Newport  Beach,  CA,  1999). 

3.  Cheng,  Z.Y.,  J.  Su,  Q.M.  Zhang,  P.C.  Wang,  and  A.  MacDiarmid,  “High  Performance  All 

Polymer  Electrostrictive  Systems,  ”  Proc.  1999  SPIE  Conf.  Smart  Structures  and 
Materials,  Vol.  3669,  140-147  (Newport  Beach,  CA,  1999). 

4.  Kim,  C.,  A.  Glazounov,  L.  Flippen,  A.  Pattnaik,  and  Q.M.  Zhang,  “Piezoelectric  Ceramic 

Assembly  Tubes  for  Torsional  Actuators,”  Proc.  1999  SPIE  Conf.  Smart  Structures 
and  Materials,  Vol.  3675,  53-60  (Newport  Beach,  CA,  1999). 
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5.  Kim,  C.,  A.  Glazounov,  and  Q.M.  Zhang,  “Development  of  Piezoelectric  Ceramic  Torsional 

Actuators  Based  on  Shear  Piezoelectric  Response  and  Their  Potential  Applications, 

Proc.  9,h  US-Japan  Meeting  on  Dielectric  and  Piezoelectric  Ceramics ,  (Okinawa, 

Japan  1999). 

6.  Zhang,  Q.M.  and  A.  Glazounov,  “Torsional  Inchworm  Ultrasonic  Piezomotor  Compining 

Continuous  Rotation  with  Precise  Control  Over  Angular  Positions  and  High  Torque 
Output,”  Proc.  1999  IEEE  Inter.  Symp.  Ultrsonics  (Lake  Tahoe,  NE,  1999). 

7.  Gross,  S.J.,  V.  Bharti,  Z-Y.  Cheng,  and  Q.M.  Zhang,  “Mechanical  Load  Effects  on  the 

Electrostrictive  Strain  of  P(VDF-TrFE)  Copolymer,”  Proc.  1999  IEEE  Inter.  Symp. 
Ultrsonics,  (Lake  Tahoe,  NE,  1999). 

8.  Bai,  Y.,  V.  Bharti,  Z.Y.  Cheng,  H.  Xu,  Q.M.  Zhang,  “High  Dielectric  Constant  Polymer 

Ceramic  Composites,”  Proc.  MRS  Boston  Meeting,  Vol.  600  (1999). 

9.  Bharti,  V.,  Z.Y.  Cheng,  H.  Xu,  G.  Shanthi,  T.B.  Xu,  and  Q.M.  Zhang,  “Effect  of  Processing 

and  High  Energy  Irradiation  Conditions  on  the  Electro-Mechanical  and  Structural 
Properties  of  P(VDF-TrFE)  Copolymers,”  Proc.  MRS  Boston  Meeting,  Vol.  600  (1999). 

10.  Cheng,  Z.Y.,  S.  Gross,  V.  Bharti,  T.B.  Xu,  and  Q.M.  Zhang,  “Electromechanical  Properties 

of  Electron  Irradiated  P(VDF-TrFE)  Copolymers,”  Proc.  MRS  Boston  Meeting, 

Vol.  600  (1999). 

11.  Xu,  H.,  Z.Y.  Cheng,  Q.M.  Zhang,  P.  Wang,  and  A.  MacDiarmid,  “Conduction  Behavior  of 

Doped  Polyaniline  under  High  Current  Density  and  the  Performance  of  an  All 
Polymer  Electromechanical  System,”  Proc.  MRS  Boston  Meeting,  Vol.  600  (1999). 

12.  Zhang,  Q.M.,  Z.Y.  Cheng,  V.  Bharti,  T.B.  Xu,  H.S.  Xu,  T.  Mia,  and  S.  Gross,  “Piezoelectric 

and  Electrostrictive  Polymer  Based  Actuator  Materials,”  Proc.  of  SPIE’s  7'h  Ann. 
International  Symp.  on  Smart  Struct,  and  Mater.,  Vol.  3987  (Newport  Beach,  CA 
2000) 

13.  Cheng,  Z.Y.,  T.B.  Xu,  V.  Bharti,  and  Q.M.  Zhang,  “Characterization  of 

Electrostrictive  P(VDF-TrFE)  Copolymer  Films  for  High-frequency  and  High- 
load  Applications,”  Proc.  of  SPIE’s  7th  Ann.  International  Symp.  on  Smart 
Struct,  and  Mater.,  Vol.  3987  (Newport  Beach,  CA  2000) 

14.  Cao,  W.  and  J.  Erhart,  “Effective  Material  Properties  of  Multi-domain  Ferroelectric 

Crystals,”  Proceedings  of  the  9fh  US-Japan  Seminar  on  Dielectric  and 
Piezoelectric  Ceramics,  pp.  95-98  (1999). 

15.  Cao,  W.,  “Characterization  of  Elastic,  Dielectric  and  Piezoelectric  Properties  of 

Piezoelectric  Materials,”  Proceedings  of  the  1999  Fall  Conference  of  the 
Korean  Institute  of  Electrical  and  Electronic  Material  Engineering,  pp.  13-22 
(1999). 

16.  Lesieutre,  G.A.  and  G.H.  Koopmann,  “High  Force  Piezoelectric  Motors,” 

UEF  Conference  on  Adaptive  Structures  II,  Barga,  Italy,  May  1 999 

17.  Uchino,  K.  and  S.  Takahashi,  “New  Trend  in  Multilayer  Ceramic  Actuators,” 

Proc.  Int'l  Symp.  Multilayer  Electronic  Ceramic  Devices,  Amer.  Ceram.  Soc. 

'98;  Ceramic  Trans.  Vol.  97,  Multilayer  Electronic  Ceramic  Devices,  p.305  - 
318  (1999). 

18.  Uchino,  K.  and  S.  Takahashi,  “New  Trend  in  Multilayer  Ceramic  Actuators,”  Proc. 

Int'l  Symp.  Dielectric  Ceramics,  Amer.  Ceram.  Soc.  '98;  Ceramic  Trans. 

Vol.  100,  Dielectric  Ceramic  materials,  p.455  -  468  (1999). 

19.  Koc,  B.  and  K.  Uchino,  “Disk  Type  Piezoelectric  Transformer  with  Crescent  Shape 

Input  Electrodes,”  Proc.  NATO-  Advanced  Research  Workshop:  Piezoelectric 
Materials,  Advance  in  Science,  Technology  and  Applications,  Predeal,  Romania 
(May  24-27,  1999). 
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20.  Uchino,  K.  and  B.  Koc,  “Compact  Piezoelectric  Ultrasonic  Motors,”  Proc.  NATO- 

Advanced  Research  Workshop:  Piezoelectric  Materials,  Advance  in  Science, 
Technology  and  Applications ,  Predeal,  Romania  (May  24-27,  1999). 

21.  Uchino,  K.,  “Recent  Trend  of  Piezoelectric  Actuator  Developments,  ”  Proc.  Int’I 

Symp.  Micromechatronics  and  Human  Science  ‘99,  p.3-9,  Nagoya,  Japan 
(Nov.  23-26,  1999). 

11.0  INVITED  PAPERS  PRESENTATIONS  AT  NATIONAL  AND 
INTERNATIONAL  MEETINGS 

1 .  Cross,  L.E.,  S.  Park,  and  S.  Liu,  “Simple  Phenomenological  Analysis  of  the  Strain 

Behavior  in  Relaxor  Ferroelectric  Lead  Zinc  Niobate:Lead  Titanate  Single 
Crystals,”  SPIE  6th  Annual  International  Symposium  on  Smart  Structures  and 
Materials,  Newport  Beach,  California  (3-5  March  1999). 

2.  Xu,  B.,  Yaohong  Ye,  and  L.E.  Cross,  “Dielectric  Hysteresis  Under  Transverse 

Electric  Fields  in  Sol-Gel  Lead  Zirconate  Titanate  Films  Deposited  on  Zr02 
Passivated  Silicon,”  ISIF  99,  Colorado  Springs,  Colorado  (7-10  March  1999). 

3.  Cross,  L.E.,  “High  Strain  Actuator  Materials  Current  Status  and  Future  Prospects,” 

U.S.  Navy  Workshop  on  Acoustic  Transduction  Materials  and  Devices,  State 
College,  Pennsylvania  (13-15  April  1999). 

4.  Cross,  L.E.,  “Phenomenology  of  the  Elasto-Dielectric  Response  in  the  Field  Forced 

Ferroelectric  Phases  of  Lead  Zinc  Niobate  :  Lead  Titanate  (PZN:PT)  Relaxor 
Ferroelectric  Single  Crystals,”  Ferroelectric  Workshop  in  Puerto  Rico,  Guanica, 
Puerto  Rico  (12-14  May  1999). 

5.  Cross,  L.E.,  “Electronic  Ceramics:  Current  Progress  and  Prospects  for  the 

21st  Century,”  IUMRS-ICAM  99,  Beijing  China  (13-19  June  1999). 

6.  Cross,  L.E.,  “Piezoelectricity  in  Single  Crystal  Relaxor  Ferroelectrics  with 

Morphotropic  Phase  Boundaries  Properties:  Processing  and  Future  Prospects,” 
1999  Annual  Conference  of  British  Association  for  Crystal  Growth,  Cambridge, 
England  (16-17  September  1999). 

7.  Cross,  L.E.,  “New  Materials  for  Smart  Applications  Progress  in  the  USA,” 

US: Japan  2nd  Collaboration  Meeting,  Penn  State,  University  Park, 
Pennylsvania  (23  September  1999). 

8.  Cross,  L.E.,  “New  Relaxor  Ferroelectric  Piezoelectric  and  Electrostrictive  Actuators 

and  Sensors  for  Smart  Materials,”  Euromat  99,  Munich,  Germany  (27-30 
September  1999). 

9.  Cross,  L.E.,  “Current  and  Potential  Future  Developments  in  Electrostrictive  Actuator 

Materials,”  ICAST  99,  Paris,  France  (11-13  October  1999). 

10.  Newnham,  R.E.,  “Biomimetic  Sensors  and  Actuators,  ”  ASME  Adaptive  Structures 

and  Materials  Systems  Prize  Lecture,  American  Institute  of  Aeronautics  and 
Astronautics  Conference,  St.  Louis  (April  13,  1999). 

1 1 .  Newnham,  R.E.,  “Domains  in  Smart  Materials,”  plenary  lecture  at  the  Workshop  on 

Dynamics  of  Interfaces,  held  at  Los  Alamos  National  Laboratory 
(April  23,  1999). 

12.  Newnham,  R.E.,  “Biomimetic  Ceramic  Sensors,”  invited  lecture  at  the  101st  Annual 

Meeting  of  the  American  Ceramic  Society,  April,  Indianapolis,  IN 
(April  26,  1999). 

13.  Newnham,  R.E.,  “Future  of  Ceramics,”  invited  lecture  at  student  forum,  American 

Ceramic  Society  Meeting,  Indianapolis,  IN  (April  27,  1999). 
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14.  Newnham,  R.E.,  “Ceramics  into  the  Next  Millennium,”  plenary  lecture  at  the 

European  Ceramic  Society,  Brighton,  England  (June  22,  1999). 

15.  Newnham,  R.E.,  “Ceramic  Engineering  in  the  21s'  Century:  Scaling  Up  and  Scaling 

Down,”  International  Symposium  on  Current  Global  Status  of  Ceramics, 

Tokyo,  Japan  (July  22,  1999). 

16.  Newnham,  R.E.,  “Ferroic  Engineering  in  Ferroic  Valley,”  invited  lecture  at  Fourth 

ARO  Smart  Structures  Workshop,  Penn  State  (August  17,  1999). 

17.  Newnham,  R.E.,  “Functional  Composites  for  Sensors,  Actuators,  and  Transducers,” 

Plenary  lecture  at  Second  International  Meeting  on  Composites,  Lake  Louise, 
Alberta,  Canada  (November  3,  1999). 

18.  Newnham,  R.E.,  “Materials  Science  and  Engineering  in  the  21st  Century:  Scaling  Up 

and  Scaling  Down,”  Plenary  lecture  at  Swiss  Materials  Science  Meeting, 

Interlaken  (November  12,  1999). 

1 9.  Cross,  L.E.,  “High  Strain  High  Coupling  Piezoelectric  Ferroelectric  Single  Crystals: 

Current  Status  and  Future  Prospects,”  IEEE  International  Ultrasonics  Meeting, 
Lake  Tahoe,  Nevada  (October  1999). 

20.  Cross,  L.E.  and  P.  Hana,  “Phenomenology  of  the  Elasto-Dielectric  Response  in  the 

Field-Forced  Ferroelectric  Phases  of  Lead  Zinc  Niobate:  Lead  Titanate 
(PZN:PT)  Relaxor  Ferroelectric,”  9th  US  .Japan  Meeting  on  Dielectric  and 
Piezoelectric  Ceramics,  Okinawa,  Japan  (2-5  November  1999). 

2 1 .  Cross,  L.E.,  “Materials  Issues  in  Electric  Field  Tunable  RF  and  Microwave 

Dielectrics,”  MRS  Fall  Meeting,  Boston,  Massachusetts  (29  November- 
3  December  1999). 

22.  Zhang,  Q.M.,  “Novel  Electrostrictive  P(VDF-TrFE)  Copolymer  Actuators,” 

137th  Meeting  of  the  Acoustic  Society  of  America,  Berlin,  Germany 
(March  1999). 

23.  Zhang,  Q.M.  and  V.  Bharti,  “Ferroelectric  Relaxor  P(VDF-TrFE)  foe  Electromechanical 

and  Dielectric  Applications,”  Symposium  of  Utilization  of  Electroactive  Polymers. 
Coronado,  CA  (October  1999). 

24.  Zhang,  Q.M.,  “Electrostrictive  P(VDF-TrFE)  Copolymer,”  MRS  1999  Fall  Meeting, 

Boston  (November  30,  1999). 

25.  Zhang,  Q.M.,  “Electroactive  P(VDF-TrFE)  Copolymer  Based  High  Strain  Actuators,” 
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26.  Zhang,  Q.M.,  “Electrostrictive  Polymers,”  Materials  Congress  2000,  UK 

(April  12,  1999). 
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33.  Lesieutre,  G.A.  and  G.H.  Koopmann,  “High  Force  Piezoelectric  Motors,”  UEF 

Conference  on  Adaptive  Structures  II,  Barga,  Italy  (May  1999). 
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20.  Frank,  J.E.  and  G.H.  Koopmann,  “Design  and  Performance  of  a  High-Force  High- 

Displacement  Piezoelectric  Wedgeworm  Actuators,”  1999  U.S.  Navy 
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10.  Zhang,  Q.M.,  V.  Bharti,  Z.-Y.  Cheng,  X.Z.  Zhao,  F.  Tito,  T.  Ramotowski,  and 

R.  Ting,  “Electromechanical  Behavior  of  Electrostrictive  P(VDF-TrFE) 
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Fall  Meeting,  Boston  (November  29,  1999). 

25.  Cheng,  Z.Y.,  S.  Gross,  V.  Bharti,  T.B.  Xu,  and  Q.M.  Zhang,  “Electromechanical 
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32.  Wang,  H.,  T.  A.  Ritter,  W.  Cao,  and  K.  Shung,  “Passive  Materials  for  High- 
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GUEST  EDITORIAL 


L.E.  Cross 

Newnham  Festschrift  introduction 


It  is  both  a  privilege  and  a  real  pleasure  to  write  this  short 
introduction  to  the  report  of  the  Newnham  Festschrift 
Session  that  was  held  at  the  Innovations  in  Materials 
Conference  in  Washington.  DC  on  Monday,  July  20th. 
1998.  Robert  and  I  go  back  a  long  wav  together,  not  just 
for  the  thirty-two  (32)  years  we  have  worked  closely  to¬ 
gether  in  MRL  at  Penn  State,  but  also  from  a  surprising 
commonality  of  early  instructors.  Bob  took  his  first  Ph.D. 
under  Professor  G.W.  Brindley,  a  world  leader  in  Clay 
Mineralogy  research  at  Penn  State.  Dr.  Brindley  was  my 
undergraduate  tutor  in  Physics  at  Leeds  University  before 
he  came  to  the  USA.  Bob’s  second  Ph.D.  was  with  Helen 
Mesaw  in  Cambridge.  England.  I  was  a  frequency  visitor 
to  Helen  whilst  on  an  ICI  fellowship  at  Leeds. 

Over  the  years.  Bob  has  maintained  close  interest  and 
made  outstanding  contributions  to  progress  in  Ferroelec- 
trics.  Piezoelectrics.  Secondary  Ferroics,  Pyroelectrics. 
Composites.  Sensors,  Actuators,  and  Smart  Systems.  Not 
surprisingly,  contributors  to  this  Festschrift  issue  picked 
up  on  several  of  these  strong  threads  of  Prof.  Newnham’s 
professional  interest. 

In  eiectroactive  composites.  Ahmad  Safari  and  D.C. 
Danforth  at  Rutgers  use  solid  free  form  fabrication  to  ar¬ 
chitect  a  wide  range  of  piezoceramic  and  ceramic-poly¬ 
mer  composite  structures,  including  rod.  tube,  dome 
shaped  and  concentric  ring  arrays.  Geometries  which 
would  be  difficult  or  impossible  to  realize  with  other 
methods.  An  alternative  realization  of  the  1:3  fibertpoly- 
mer  conmosite  on  an  exceptionally  fine  scale  is  dis¬ 
cussed  by  D.  Spom  and  A.  Schonecker  from  Fraunhofer 
Institute  in  Wurzburg.  Germany.  The  preparation  of 
PbZrO,:PbTi03  (PZT)  piezoelectric  fibers  by  sol-gel 
processing  with  final  fired  diameter  less  than  30  pm  is 
certainly  a  processing  “toure  de  force”  and  makes  possi¬ 
ble  exciting  high  frequency  transducers  not  accessible  by 
other  methods.  An  extension  from  Newnham ’s  own 
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moonie  and  cymbal  actuators  are  the  important  large  ar¬ 
ea  light  weight  cymbal  arrays  now  under  development  by 
Toirf  Howarth  and  Jim  Tressler  at  the  Naval  Research 
Laboratory.  These  arrays  look  to  have  outstanding  sonar 
properties  in  both  send  and  receive  modes. 

Polarization  switching  is  the  key  distinguishing  proper- 
tv  of  ferroelectrics.  yet  it  is  not  fully  understood  either  in 
bulk  or  in  thin  film  ferroelectrics.  Seshu  Desu  from  VPI, 
Blacksburg.  Virginia  presents  interesting  new  data  on  fa¬ 
tigue  effects  which  dog  the  non-voiatile  memory  efforts  in 
ferroelectric  thin  films.  Clearly  however  now  there  is  light 
at  the  end  of  this  tunnel  in  the  form  of  non-fatiguing  oxide 
metal  electrodes  for  PZTs  or  the  alternative  non-fatiguing 
bismuth  oxide  layer  structure  ferroelectrics. 

For  frequency  agile  materials  which  maintain  high  Q  at 
microwave  frequencies  Louise  and  Somnath  Sengupta 
from  Pratek  Corporation  in  Maryland  have  certainly  made 
an  important  breakthrough  with  :he  BaxSrl.xTi03:MgO 
composites  which  by  their  processing  achieve  adequate 
tunability  and  loss  properties  for  application  up  to 
20  GHz.  An  interesting  alkali-metai  free  sol-gel  process 
for  BaTiO-  is  discussed  by  K.M.S.  Khalil  from  Egypt. 
Well  crystallized  BaTiO?  is  obtained  at  600°C. 

Higher  order  ferroic  properties  of  TGS  Monocrystals 
are  discussed  by  E.F.  Dudnik.  A.I.  Kushnerev,  and  V.M. 
Duba  from  Dnepropetrovsk  in  Ukraine.  Here  the  effects 
of  elastic  stress  on  switching  are  traced  to  the  ferroe- 
lastoelectric  interaction  with  the  opposing  piezoelectric 
constants  in  the  antipolar  domains.  The  Atomic  Force 
Microscope  is  proving  to  be  an  excellent  tool  for  ferro- 
eiectricians  to  study  local  surface  effects.  S.  Balakumar 
and  H.C.  Zeng  use  the  microscope  to  study  humidity  ef¬ 
fects  upon  the  switching  in  TGS  crystals. 

Fittingly,  Newnham’s  own  contribution  in  this  volume 
deals  with  the  latest  developments  in  cymbal  transducers. 
One  of  the  permanent  impacts  Bob  Newnham  has  left  on 
the  field  is  the  scientific  design  of  eiectroactive  compos¬ 
ites .  More  recently  he  has  moved  on  to  devices  incorpo¬ 
rating  some  of  his  composites. 

I  believe  this  session  in  Washington  was  a  signal  suc¬ 
cess.  and  a  fitting  tribute  to  the  interests  and  achieve¬ 
ments  of  Professor  R.E.  Newnham. 
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ECerS  Plenary  Address 

Ceramics  into  next  millennium 

R.  E.  Newnham 


Overpopulation  is  the  overriding  problem  of  the  twenty- 
first  century,  and  water  is  key  to  human  survival.  Irri¬ 
gation,  desalination,  filtration,  and  aquaculture  are 
the  key  technologies  and,  given  the  natural  abundance 
of  oxides,  ceramics  are  the  key  materials.  High  strength 
saline  cements,  semipermeable  membranes,  antibac¬ 
terial  coatings,  limestone  farming,  accretion  chemistry, 
and  sonar  systems  for  massive  fish  farms  are  concepts 
worthy  of  consideration  in  the  twenty-first  century.  All 
will  involve  the  use  of  vast  amounts  of  oxide  materials, 
mainly  cement,  concrete,  synthetic  coral,  together  with 
ceramic  membranes  and  transducers.  The  scaling  up 
process  for  engineering  megaworks  will  be  matched  by 
equally  interesting  scaling  down  processes  in  which 
ceramic,  electronic,  and  optical  components  are  made 
smaller  and  smaller  until  they  disappear  inside  inte¬ 
grated  inorganic  systems  which  rival  biological  systems 
both  in  scale  and  complexity.  The  age  of  engineering 
microworks  is  upon  us,  and  in  the  coming  century  a 
global  system  will  evolve  which  involves  the  integration 
of  human  and  machine  intelligence. 
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Pennsylvania  State  University,  University  Park,  PA 
16802,  USA.  Presented  at  the  Sixth  Conference  and 
Exhibition  of  the  European  Ceramic  Society,  Brighton. 
UK.  20-24  June  1999. 
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INTRODUCTION 

In  a  speech  several  years  ago  at  the  National  Academy  of 
Engineering,  incoming  President  Norm  Augustine  spoke  of 
the  need  for  a  new  public  image  for  engineers.  His  suggestion 
was  L.  A.  Engineer ,  a  new  TV  scries  with  episodes  about 
‘thought  decoders’,  ‘irrigating  the  Sahara’,  ‘spacecraft  on 
the  moons  of  Jupiter’,  ‘college  implants’,  and  ‘the  bridge 
over  Gibraltar’  to  provide  some  much  needed  excitement 
to  our  profession.  ‘Engineers’  like  Brooke  Shields  and 
Arnold  Schwarzenegger  could  easily  match  the  exploits  of 
the  lawyers,  medical  doctors,  and  policemen  populating 
today’s  television,  and  stimulate  interest  in  the  engineering 
profession. 

Throughout  history,  engineers  have  been  ‘pilots  of 
change’  though  we  seldom  see  ourselves  as  affecting  society 
in  any  meaningful  way.  But  in  the  new  millennia  of  fast 
paced  technological  change  with  instant  global  impact, 
engineers  must  view  their  work  in  a  larger  context.  As 
Jonas  Salk  once  remarked,  wc  must  be  ‘good  ancestors’  to 
our  planet  and  to  future  generations. 

One  problem  stands  above  all  others  as  the  world 
population  doubles  during  the  next  century.  According  to 
a  United  Nations  estimate,  the  population  will  level  off  at 
1 1  -5bn  in  the  year  2150.  Other  estimates  range  from  15 
to  30bn  with  90%  of  the  increase  occurring  in  the  Third 
World.  A  population  explosion  such  as  this  will  inevitably 


lead  to  malnutrition,  famine,  deforestation,  pollution,  epi¬ 
demics,  drought,  political  crises,  revolutions,  homeless  refu¬ 
gees.  and  war.  Or,  as  Woody  Allen  once  remarked.  ‘The 
world  is  at  a  crossroads:  one  road  leads  to  famine,  disease, 
and  despair  ...  the  other  leads  to  total  oblivion’. 

Birth  control  is  desperately  needed  to  limit  population 
growth,  but  there  arc  economic,  political,  and  religious 
reasons  why  this  is  a  slow  and  difficult  process.  As  engineers, 
w'e  naturally  lean  toward  technical  fixes,  which  will  mitigate 
the  crisis,  and  water  is  one  of  the  key  factors. 

WATER  AND  IRRIGATION 

The  availability  of  fresh  water  varies  widely  in  different 
pans  of  the  world.  In  water  rich  countries  like  Canada 
more  than  10K  L  of  fresh  water  is  available  annually  per 
capita.  In  Malta.  Libya,  and  other  water  poor  countries, 
only  about  100  L  per  year  is  available,  barely  enough  to 
fill  a  large  bathtub.  Even  in  the  United  States  there  are 
major  water  problems  because  of  the  imbalance  in  supply 
and  demand.  The  southwestern  states  from  California  to 
Texas  have  only  6%  of  the  water  but  31%  of  the  popula¬ 
tion  and  a  very  rapid  growth  rate.  Water  table  levels  arc 
dropping  at  an  alarming  rate  in  Arizona  and  New  Mexico. 

Where  will  the  water  come  from  to  feed  the  burgeoning 
world  population?  Irrigation  is  one  answer.  Diversion  of 
the  Yangtze  River  into  a  grand  canal  is  underway  in  China. 
Egypt  has  a  plan  to  create  L3m  acres  of  new  farmland  by 
creating  a  new  della  using  waters  from  Lake  Nasser.  And 
in  North  America.  Canadian  engineer  T.  W.  Kierans  has 
proposed  a  vast  irrigation  system  in  which  Hudson’s  Bay, 
James  Bay,  and  the  Great  Lakes  arc  used  as  reservoirs  to 
feed  a  vast  network  of  irrigation  canals  in  Canada,  the  US, 
and  Mexico.  In  the  more  distant  future,  one  can  imagine  a 
world  in  which  the  Caribbean.  Mediterranean,  and  other 
shallow  seas  are  converted  to  fresh  water  reservoirs.  The 
deserts  of  Mexico,  North  Africa,  and  the  Near  East  could 
then  be  converted  to  farmland. 

With  regard  to  ceramics,  vast  tonnages  of  cement  will  be 
required  to  bring  about  engineering  megaworks.  Calcium 
aluminate  cements  have  been  implicated  in  hydration  fail¬ 
ures,  often  leading  to  structural  failures.  Superior  saline 
resistance  has  been  obtained  from  calcium  aluminosilicate 
cements  recrystallised  from  glasses  to  form  stratlingite  or 
hydrogarnet.1 

Macrodefect -free  (MDF)  cements2  are  far  stronger  than 
normal  cements.  Hydraulic  cement  and  water  soluble  poly¬ 
mers  are  mixed  at  high  shear  rates,  calendared,  and  cured 
under  pressure  in  the  process  developed  by  IC1.  Repealed 
extrusion  helps  to  eliminate  the  critical  flaws  responsible 
for  mechanical  failure.  Polymer  chains  cross-linked  by  metal 
ions  impart  tensile  strength  to  the  cement. 

Cement  and  concrete  have  more  influence  on  people’s 
lives  than  ever  before.  As  the  world’s  premier  building 
materials,  they  are  a  tremendous  challenge  to  the  industries 
concerned,  and  to  the  ceramic  and  civil  engineering  pro¬ 
fessions.  During  the  past  20  years,  global  consumption  of 
cement  has  risen  from  172  to  257  kg  per  capita  with  most 
of  the  increase  taking  place  in  China  and  other  parts  of 
Asia.  This  has  led  to  predictions  of  future  depletions  of 
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source  materials  for  concrete,  especially  aggregates,  but 
innovative  solutions  are  available:3 

•  new  methods  for  compacting  fresh  cement  and  for 
monitoring  the  curing  process 

•  techniques  for  improving  the  workability  of  fresh  con¬ 
crete  with  greatly  reduced  amounts  of  water 

•  increased  utilisation  of  fly  ash  and  other  recycled  light¬ 
weight  aggregates 

•  composite  technology,  especially  fibre  reinforcement 

•  impregnated  concrete  with  polymerised  organics  or 
molten  sulphur. 

The  global  production  is  x  10  larger  than  competitive 
building  and  construction  materials.  It  is  time  that  cement, 
concrete,  and  other  low  temperature  ceramics  received 
increased  attention  from  the  research  community. 

DESALINATION 

But  irrigation  is  unlikely  to  solve  the  water  problem  for 
very  long.  It  is  an  ironic  fact  of  nature  that  two-thirds  of 
our  planet  is  covered  with  unusable  salt  water.  Desalination 
is  the  ultimate  solution  to  our  dilemma.  To  bring  this  about, 
the  cost  of  desalination,  presently  about  01  cents  L”  \  needs 
to  be  reduced  by  an  order  of  magnitude. 

Seawater  contains  3*5%  dissolved  ions,  mostly  Na+  and 
Cl  “ .  Until  a  decade  ago,  the  dominant  desalination  methods 
were  based  on  multistage  distillation,  but  reverse  osmosis 
is  now’  the  leading  technique.  Osmosis  involves  the  trans¬ 
mission  of  fluids  through  a  semipermeable  membrane.  If 
the  membrane  separates  fresh  water  and  seawater,  fresh 
water  would  normally  pass  through  the  membrane  because 
of  the  concentration  gradient,  if,  however,  a  pressure  greater 
than  the  so-called  osmotic  pressure  is  applied  to  the  sea¬ 
water,  then  water  from  the  seawater  side  diffuses  through 
the  membrane.  There  is  a  preferential  sorption  layer  on  the 
membrane,  which  determines  the  critical  pore  diameter  of 
the  membrane.4  This  is  a  key  problem  in  membrane  science, 
which  is  crucial  to  desalination  technology. 

Ceramic  membranes  have  a  number  of  advantages  over 
polymers.5  Their  mechanical  strength  prevents  membrane 
compression  and  subsequent  pore  closure.  Superior  thermal 
stability  is  an  advantage  for  high  temperature  separation 
processes,  and  for  many  cleaning  operations.  Ceramics  also 
have  remarkable  chemical  stability  in  a  large  number  of 
solvents  and  can  easily  be  steam  cleaned.  They  are  also 
immune  to  microbe  and  bacterial  attack. 

Asymmetric  membranes  consisting  of  a  thin  dense  skin 
mounted  on  a  porous  substructure  have  proved  useful  in 
desalting  by  hyperfiltration.  The  structures  resemble  the 
extruded  honeycomb  structures  developed  by  Corning  Inc. 
for  catalytic  substrates 6  By  blocking  alternate  channels  a 
gas  or  fluid  can  be  forced  through  the  porous  ceramic  walls 
to  filter  out  the  waste  product.  The  honeycomb  substrates 
are  commonly  made  from  cordierite  ceramics  with  low 
thermal  expansion  coefficients.  The  structure  of  cordierite 
resembles  that  of  beryl  with  open  channels  along  the 
r-crystallographic  axes.  In  natural  cordierite  crystals,  the 
channels  are  often  occupied  by  water  molecules  forming 
strong  hydrogen  bonds  to  the  oxygen  ions  lining  the  walls 
of  the  channels.  The  H20  vibration  modes  of  the  trapped 
molecules  are  shifted  dramatically  from  those  in  liquid 
water,  ice,  and  water  vapour7  indicating  a  reduced  level 
of  bonding  between  water  molecules.  This  is  a  key  idea 
in  desalination  and  other  water  purification  process.  As 
pointed  out  in  the  series  of  papers  by  W.  A.  P.  Luck,  water 
can  be  separated  into  two  phases  in  which  the  dissolved 
ions  are  segregated  into  the  newly  formed  secondary  phase. 
The  primary  hydration  water  does  not  dissolve  ions,  and 
suggests  the  following  working  hypothesis  for  water  purifi¬ 
cation:  ‘Desalination  membranes  should  contain  mainly 
primary  hydrate  water,  the  structure  of  which  weakens  ion 
solubility.  The  existence  of  secondary  hydration  shells  with 


ion  solubility  should  be  prevented  by  steric  effects  .8  Infrared 
spectroscopy  appears  to  be  an  excellent  characterisation 
tool  in  understanding  the  molecular  structure  of  water. 

Nature  is  another  splendid  source  of  ideas.  Glasswort 
(salicornia  bigelovii)  is  a  saltwater  crop  grown  commercially 
for  animal  fodder  and  seed  oil.  The  roots  of  the  glasswort 
plant  have  a  composite  structure  with  a  wax-like  film 
capable  of  rejecting  the  dissolved  salts  in  seawater.  Synthetic 
membranes  based  on  similar  composite  geometries  could 
be  of  great  value. 

SANITARYWARE 

In  addition  to  desalination,  there  are  a  number  of  other 
applications  for  ceramic  and  polymeric  membranes  includ¬ 
ing  water  purification,  kidney  dialysis,  gas  separation,  and 
the  eradication  of  water  borne  disease.  These  techniques 
include  microporous  filtration,  ultrafiltration,  dialysis,  elec¬ 
trodialysis,  semipermeable  gas  membranes,  and  support 
liquid  membranes. 

It  is  time  for  a  new  generation  of  sanitaryware  since 
only  recently  ceramists  celebrated  the  great  achievements 
of  Thomas  Crapper  (1837-1910)  the  great  Victorian  sani¬ 
tary  engineer.  One  hundred  years  ago,  Crapper  developed 
the  record-setting  ‘super  flush’  toilet  that  is  still  in  use 
today.  In  the  widely  publicised  Health  Exhibition  compe¬ 
tition,  ten  1 2  in  apples,  a  flat  4^  in  sponge,  three  hollow 
paper  cones,  and  four  pieces  of  tissue  paper  covered  with  a 
thick  layer  of  plumber’s  smudge  all  went  down  in  a  single 
super  flush. 

A  century  later  there  is  a  new  competition  called  The 
Great  Public  Toilet  Contest.  Sponsored  by  the  Chinese 
government,  the  new  contest  involves  designing  sanitary 
systems  for  the  Third  World.  The  standard  western  com¬ 
mode  -  virtually  unchanged  since  the  time  of  Thomas 
Crapper  -  docs  not  meet  the  needs  of  an  overpopulated 
world  with  severe  water  shortages.  In  addition  to  water 
conservation,  several  other  interesting  concepts  are  under 
development.  Smart  toilets  capable  of  rapid  urine  analysis 
provide  rapid  screening  for  diabetes  and  other  health  prob¬ 
lems.  ‘Johnny  on  the  spot'  is  a  portable  commode  with  self- 
adjustable  seats  that  fit  all  sizes  and  temperature  preferences. 
Magnetic  filtration  systems  remove  many  of  the  particulates 
in  polluted  waters  and  have  been  successfully  tested  on  the 
River  Ganges. 

One  of  the  most  fascinating  ideas  is  the  development  of 
antibacterial  tiles  that  eradicate  e-coli  through  a  photocata- 
ly tic  process.  Methicillin  resistant,  staphylococcus  aurens 
(MRSA)  bacteria  arc  responsible  for  many  infectious  dis¬ 
eases.  Ceramic  tiles  coated  with  a  thin  layer  of  titania  and 
a  metal  catalyst  are  capable  of  attacking  bacterial  cell 
membranes.9  The  ultraviolet  component  of  sunlight  excites 
electrons  across  the  narrow  band  gap  (3eV)  of  Ti02, 
creating  holes  and  free  electrons.  These,  in  turn,  react  with 
oxygen  molecules  and  hydroxyl  ions  to  form  very  reactive 
superoxide  and  hydroxide  radicals  that  attack  the  bacteria. 
Antibacterial  tiles  are  used  in  hospitals,  food  processing 
factories,  toilets,  swimming  pools,  and  home  kitchens. 

My  own  interests  are  in  the  application  of  ferroelectric 
ceramics  and  composite  transducers  to  the  water  problem. 
It  is  interesting  to  speculate  on  reverse  osmosis  systems  in 
which  the  membranes  are  rhythmically  driven  to  open  and 
close  the  nanometre  scale  pore  system.  The  hope  is  to 
develop  a  family  of  smart  membranes  capable  of  cleaning 
fouled  passages  by  mechanical,  electrical,  or  chemical  means. 

A  second  goal  is  drop  by  drop  irrigation  using  piezo¬ 
electric  pumps,  based  on  ink  jet  designs.  Ferroelectric 
litanates  might  also  be  worthy  candidates  for  antibacterial 
photocatalysis,  similar  to  the  anatasc-coated  tiles  used  in 
bathroom  sanitaryware.  Sonochemical  cavitation  combin¬ 
ing  acoustically  driven  phase  changes  and  chemical  reac¬ 
tions  are  other  possibilities. 
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AQUACULTURE 

Especially  close  to  my  heart  arc  the  biomimetic  piezoelectric 
transducers  we  have  investigated  during  the  past  20  years.10 
The  subsonic  sonar  systems  developed  for  navy  needs  hold 
great  promise  for  sonobuoy  fish  schooling  and  deep  ocean 
geophysical  mapping. 

As  the  earth's  population  continues  to  increase,  the 
human  race  must  continue  to  search  for  new  and  efficient 
sources  of  food  and  nutrition.  The  world’s  oceans  will 
provide  a  partial  solution  to  this  problem  through  aquacul¬ 
ture  and  the  use  of  new  and  varied  saltwater  vegetation 
that  can  provide  an  abundant  source  of  food  for  countries 
in  which  poor  soil  and  harsh  climates  limit  conventional 
farming. 

The  burgeoning  population  of  the  Third  World  obtains 
most  of  its  protein  from  fish,  but  fisheries  and  fishermen 
arc  in  trouble  throughout  the  world's  oceans.  Statistics 
released  by  the  Worldwatch  Institute11  have  spotlighted  an 
alarming  decrease  in  fish  populations  in  most  of  the  world’s 
oceans.  Large  scale  aquaculture  is  a  major  goal  for  an 
overpopulated  world. 

Fish  catches  are  down  nearly  everywhere  from  the  North 
Atlantic  to  the  Indian  Ocean.  The  only  bright  spot  is  fish 
farming  which  is  growing  at  a  rapid  rate,  but  the  number 
of  suitable  fresh  water  ponds  is  limited.  Oceanic  fish  farming 
may  be  the  answer.12 

In  his  book,  ‘The  millennial  project’.  Michael  Savage 
describes  the  next  century  as  the  Age  of  Aquarius  in  which 
huge  fisheries  are  grown  -  literally  grown  -  in  tropical 
oceans.13  Floating  colonies  miles  across  can  be  formed  by 
the  electrodeposilion  of  CaC03,  on  a  wire  frame.  The 
procedure  is  described  in  several  patents  filed  by  W.  Hilbcrtz 
more  than  a  decade  ago.14  The  accretion  chemistry  involves 
the  deposition  of  CaC03.  Mg(OH)2,  SiO:,  NaCl.  and  other 
salts  on  a  metal  cathode.  Approximately  2  kg  of  sea  cement 
is  formed  for  each  kWh-1  of  electrical  energy.  Energy 
would  be  supplied  from  solar  panels  or  by  an  ocean  thermal 
energy  converter  (OTEC)  utilising  the  temperature  gradient 
in  the  ocean.  By  taking  advantage  of  the  saturated  salts  in 
the  world’s  oceans,  millions  of  limestone  farms  can  be 
constructed  around  the  equator.  Aquaculture  can  then  be 
carried  out  on  a  grand  scale. 

By  converting  the  Mediterranean  sea  and  the  Caribbean 
sea  into  giant  fishponds,  aquaculture  could  be  carried  out 
on  an  even  grander  scale.  The  scale  of  such  fish  farming 
would  be  comparable  to  cattle  ranching  in  the  Wild  West 
where  cows  ranged  free  over  hundreds  of  miles  of  pasture. 
In  such  a  setting,  ‘fish  boys’  would  herd  schools  of  fish  like 
cowboys  herded  cattle  in  the  old  west.  Artificial  reefs  made 
of  stone,  cement,  and  coral  would  provide  shelter  and  food 
for  the  fish,  and  the  fences  could  be  made  from  woven  glass 
fibres.  Sonar  transmitters  could  be  used  to  guide  the  schools 
using  the  appropriate  fish  language. 

In  recent  years  great  advances  have  been  made  in 
recording  and  translating  fish  talk,  largely  through  the 
development  of  PZT  hydrophone  arrays  and  high  speed 
spectrum  analysis.  Low  frequency  sound  waves  function  in 
a  variety  of  ways  for  fish,  both  in  offence  and  defence,  for 
warning  and  intimidation.15  Fish  speak  differently  during 
the  breeding  season  using  coded  repetition  rates.  Our  ability 
to  ‘farm  the  oceans’  could  be  greatly  enhanced  by  learning 
to  talk  to  fish  and  control  their  movements  and  feed¬ 
ing  habits.  Smart  ceramic  transceivers  could  receive  and 
transmit  fish  talk  and  monitor  the  growth  of  underwater 
vegetation. 

SCALING  DOWN:  INORGANIC  EVOLUTION 

The  field  of  high  tech  ceramics  is  dominated  by  electro- 
ccramics.  which  account  for  about  90%  of  the  commercial 
market.  Capacitors,  resistors,  transducers,  and  other  cer¬ 
amic  components  are  undergoing  rapid  changes.  Integration 


and  miniaturisation  is  taking  place  as  information  and 
control  systems  grow  smaller  and  more  complex.  By 
incorporating  sensors,  actuators,  and  evolvable  chips  into 
these  systems,  it  becomes  possible  to  emulate  biological 
behaviour.  Smaller  electronic  and  optical  subsystems  arc 
capable  of  evolving  into  more  complex  systems  with  the 
ability  to  sense  and  respond  to  changes  in  their  surround¬ 
ings.  At  the  same  time  biochemists  are  making  major 
advances  in  understanding  how  the  human  brain  functions 
and  what  it  means  to  be  alive.  In  the  coming  century  there 
will  be  confluence  of  organic  and  inorganic  life  into  some 
type  of  composite  life  form,  perhaps  an  immortal  life  form, 
with  a  common  consciousness  that  transcends  individual 
beings.  Internet  and  the  World  Wide  Web  seem  to  be 
leading  us  in  that  direction.  The  evolution  of  machine 
technology  into  a  global  intelligence  is  the  theme  of  a  major 
new  book  by  George  Dyson. 

More  relevant  to  ceramists  is  the  miniaturisation  of 
ceramic  electronic  components  and  their  integration  with 
silicon  based  circuitry  in  the  form  of  thick  or  thin  films. 
Billions  of  multilayer  ceramic  capacitors  are  manufactured 
annually  with  lateral  dimensions  less  than  a  millimetre  and 
layer  thickness  approaching  1  pm.  Grain  sizes  are  being 
pushed  down  to  01  pm  with  all  the  incumbent  problems  in 
powder  processing  and  densification.  Barium  strontium 
titanatc  thin  film  DRAMs  and  lead  zirconalc  titanatc 
FcRAMS  arc  being  deposited  on  silicon  for  enhanced 
capacitance  and  non-volatile  memories. 

Following  Moore’s  law,  microcircuit  complexity  doubles 
every  18  months  with  dynamic  random  access  memories 
approaching  1  Gb  and  microprocessor  elements  approach¬ 
ing  10m  per  chip.  Extrapolating  ahead,  memories  may 
reach  1  Tb  by  the  year  2020  and  1  Pb  later  in  the  century. 
By  way  of  comparison,  the  genetic  information  in  the 
human  brain  is  about  10  Tb.  All  cultural  information  in 
the  form  of  books  and  pictures  would  require  about  1  Pb. 

Semiconductor  technology  is  not  the  only  industry  experi¬ 
encing  exponential  growth.  Multilayer  capacitors  and  other 
packaging  components  also  follow  Moore's  law,  doubling 
at  the  same  rate  as  the  1C  chip  market.  Even  faster  growth 
is  taking  place  in  the  communications  industry.  Optical 
fibre  capacity  doubles  every  12  months,  and  microwave 
wireless  production  every  9  months.  It  is  interesting  to 
speculate  on  the  underlying  causes  of  this  exponential 
growth. 

Is  it  fashion?  Do  people  buy  these  products  and  services 
to  keep  up  with  their  neighbours?  Or  is  it  a  self-fulfilling 
prophecy  that  we  are  somehow  programmed  by  our  culture 
to  continually  look  for  something  new?  Or  even  more 
interesting,  is  our  universe  structured  in  such  a  way  that 
life  continually  evolves  into  more  complex  forms  with  tech¬ 
nological  advances  augmenting  the  biological  process? 

SMART  SYSTEMS 

Sensors  and  actuators  arc  needed  to  connect  computers  to 
the  outer  world,  and  bring  them  to  life.  Many  modern  day 
electroceramics  have  been  cleverly  designed  to  perform 
useful  functions,  and  we  feel  justified  in  calling  them  smart 
because  they  combine  sensing  and  actuation  in  one  material. 
Smart  materials  are  capable  of  coupling  cyberspace  to  the 
real  world. 

The  concept  of  a  smart  material  is  exemplified  by  a 
videotape-head  positioner  made  from  PZT  piezoceramic 
bimorphs.  The  positioner  has  large  actuator  electrodes  that 
move  the  material,  as  well  as  smaller  electrodes  to  sense 
the  position  and  orientation  of  the  tape  head.  This  combi¬ 
nation  of  sensing  and  actuating  mimics  two  of  the  functions 
of  a  living  system  -  namely  being  aware  of  the  surround¬ 
ings  and  being  able  to  respond  to  that  signal  with  a  useful 
response,  usually  in  the  form  of  a  motion.  A  smart  material 
is  not  simply  a  sensor.  A  sensor  receives  a  stimulus  and 
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responds  with  a  signal.  A  smart  material  is  not  simply 
an  actuator  either.  An  actuator  produces  a  useful  motion 
or  action.  Smart  materials  function  as  both  sensors  and 
actuators. 

Smart  materials  sometimes  have  a  control  system  and 
sometimes  not.  Some  function  like  our  spinal  cord  in  that 
they  are  passively  smart  and  respond  without  thought  -  or 
signal  processing.  They  are  analogous  to  the  reflex  responses 
of  the  human  body.  In  other  cases,  smart  materials  analyse 
the  sensed  signal,  perhaps  for  its  frequency  components, 
and  then  make  a  choice  as  to  what  type  of  response  to 
make.  We  call  that  an  actively  smart  system.  We  have  also 
been  developing  a  family  of  very  smart  materials  -  1  am 
not  willing  to  call  them  intelligent  -  which  have  a  learning 
or  tuning  function,  making  it  possible  for  them  to  get 
slightly  smarter  with  age.  Non-linear  properties  like  elec- 
trostriction  or  higher  order  elastic  constants  are  used  in 
these  materials. 

Looking  ahead  to  the  use  of  thin  film  microelectromech¬ 
anical  systems  (MEMS),  more  intelligent  materials  are 
coming  on  the  scene  that  integrate  the  control  system  with 
the  sensors  and  actuators,  all  in  one  common  piece  of 
material.17  At  this  stage,  1  think  the  system  deserves  the 
name  intelligent.  Perhaps  some  day  wc  will  manufacture 
wise  materials  that  make  correct  moral  decisions  and  maybe 
evolve  in  some  way  like  living  systems.  A  few  short  range 
forecasts  by  World  Future  Society  for  smart  systems  in  the 
coming  decade: 

•  cash  will  disappear  (smart  cards) 

•  electronic  immigration  (lone  eagles) 

•  robots  smarter  than  humans  (inorganic  evolution) 

•  prisons  outmoded  by  implants  (automated  paroles) 

•  voice  drive  furniture  (smart  chairs) 

•  population  shifts  north  (smart  houses) 

•  defective  gene  replacement  (nanosensors  and  nanoactua¬ 
tors) 

•  collision  avoidance  systems  (smart  automobiles) 

•  older  generation  families  (smart  medical  delivery  system) 

•  automatic  gardens  (just-in-time  farming). 

Several  involve  the  use  of  smart  materials  with  sensing  and 
actuating  capabilities. 

SMART  MATERIALS 

With  regard  to  the  choice  of  materials,  several  common 
themes  emerge.  Two  transformations  are  involved  in  most 
of  these  smart  materials,  often  a  primary  ferroic  (ferroclastic, 
ferroelectric,  or  ferromagnetic)  with  domain-wall  motions 
that  assist  in  the  sensing  and  actuating  processes.  The  ferroics 
are  operated  near  an  instability  to  make  these  domain  walls 
with  their  associated  dipoles  and  strains  movable.  We  have 
identified  several  types  among  the  commonly  used  actuator 
materials,  and  others  appear  to  be  possible  too.  In  one  type, 
a  high  Curie  temperature  exists  as  in  PZT  or  terfenol,  and 
the  actuator  is  operated  near  an  orientational  change  of  the 
electric  or  the  magnetic  dipole  moment.  The  second  type 
involves  a  partially  ordered  phase,  as  in  electrostrictive  PMN 
or  the  shape-memory  alloys.  These  materials  are  operated 
near  a  diffuse  phase  transition  with  two  coexisting  phases, 
the  high  temperature  or  austenite-like  phase  and  the  low 
temperature  or  martensitic  type  phase.  A  third  type  involves 
composite  materials  with  coupled  phase  transformations. 

The  underlying  strategies  to  optimise  smart  materials  are 
fairly  obvious.  Why  primary  ferroic?  These  materials  pro¬ 
vide  a  handle  for  external  fields  or  forces,  whether  it  is  a 
strain  or  an  electric  dipole  or  magnetic  dipole.  Why  a  cubic 
prototype  phase?  The  answer  is  that  it  gives  many  equival¬ 
ent  orientation  stales  and  makes  it  possible  then  to  use 
polycrystalline  materials  without  the  necessity  of  growing 
single  crystals.  Why  partial  ordering?  This  structure  pro¬ 
vides  many  nucleation  sites  for  generating  a  diffuse  phase 
transformation.  Why  a  morphotropic  transition?  This  insta¬ 


bility  ensures  persistent  disequilibrium  over  quite  a  wide 
range.  In  his  recent  book.  ‘Out  of  control  ,1S  author  Kevin 
Kelly  describes  how  biological  systems  evolve  into  more 
complex  life  forms:  neither  constancy  nor  relentless  change 
will  support  a  complex  dynamic  system.  Equilibrium  is 
death,  and  complete  chaos  leads  to  explosive  behaviour, 
also  followed  by  death.  On  the  other  hand,  persistent  dis¬ 
equilibrium  optimises  dynamic  behaviour  by  staying  on 
the  hairy  edge  of  rapid  response.  The  behaviour  of  the 
sensor  and  actuator  materials  used  in  smart  systems  appears 
to  be  consistent  with  this  idea. 

As  we  look  to  the  future,  many  new  types  of  smart  system 
will  be  developed.  Aerospace  engineers  are  interested  in 
smart  airfoils  to  control  drag  and  turbulence.  Diabetics 
need  medical  systems  to  sense  sugar  level  and  deliver 
insulin.  Architects  are  designing  smart  buildings  that  incor¬ 
porate  self-adjusting  window's  to  control  the  flow  of  energy 
into  houses.  Tennis  players  will  want  smart  racquets  to 
make  overhead  smashes  and  delicate  drop  shots.  Smart 
systems  will  identify  burglars  and  other  dishonest  people, 
and  control  their  movements.  Smart  toilets  are  capable  of 
analysing  urine  to  identify  health  problems.  Smart  irrigation 
systems  are  needed  to  optimise  the  world  s  food  supply. 
Fish  are  the  leading  source  of  protein  in  many  parts  of  the 
world.  Wc  can  farm  the  oceans  using  smart  transducers  to 
talk  to  the  fish  and  herd  them  like  cattle.  Thus  there  will 
be  a  convergence  of  the  ‘scaling  up  and  the  scaling  down 
process  in  the  next  century. 

OPTICAL  FIBRES  AND  FUTURE  OF 
MANKIND 

Silicon  and  oxygen  -  the  two  most  common  elements  in 
the  earth’s  crust  -  are  the  key  components  in  both  microelec¬ 
tronic  circuitry  and  optical  communications  systems  where 
Internet  traffic  doubles  every  3  or  4  months.  Optical  fibre 
transmission  capacity  has  moved  even  faster  than  the 
processing  power  and  memory  capabilities  of  silicon  devices. 
The  operating  speed  of  integrated  circuits  has  risen  by  a 
factor  of  60  over  the  past  decade  while  the  capacity  or  silica 
fibre  systems  grew  by  a  factor  of  200  over  the  same  period. 
The  tiny  8  pm  core  of  a  single  mode  fibre  can  now  transmit 
about  1  Tbs*1,  an  information  rate  equivalent  to  all  the 
voice  traffic  in  the  world. 

Where  will  it  end?  In  the  prologue  to  his  novel  ‘3001, 
The  final  Odyssey’,  Arthur  C.  Clarke  discusses  the  future 
of  mankind.19  During  the  coming  millennium,  evolution 
will  drive  us  to  new  goals,  and  soon  we  will  reach  the  limits 
of  flesh  and  blood.  Our  machines  will  surpass  the  capabili¬ 
ties  of  our  biological  bodies,  and  we  will  transfer  our  minds 
to  new  homes  made  of  metals  and  silicon.  In  this  form  we 
can  explore  our  galaxy,  but  later,  as  we  seek  answers  to  the 
origins  of  life  and  secrets  of  the  universe,  Clarke  predicts 
that  we  will  pass  through  yet  another  transformation  as 
our  thoughts  and  very  existence  are  transferred  into  pure 
waveform.  As  light  we  can  explore  the  universe,  freed  from 
tyranny  of  matter. 

Is  this  science  fiction  or  are  we  now  witnessing  the 
beginnings  of  new  life  forms  in  1C  chips  and  optical  fibres? 
Time  will  tell,  I  only  wish  1  could  be  there  to  witness  these 
breathtaking  phase  transformations.  It  will  be  an  exciting 
time  to  be  alive. 


SUMMARY 

Aquaculture,  desalination,  and  irrigation  and  microelec¬ 
tronic  projects  will  all  utilise  the  talents  of  ceramic  engineers, 
but  there  are  many  more.  In  his  book,  ‘Ceramic  houses: 
how  to  build  your  own’,  Nader  Khalili  writes:  ‘Now  is  the 
time  to  create  a  new  scale  in  the  ceramic  world,  to  walk 
out  of  the  womb  of  the  potter’s  kiln,  to  the  space  of  a  room. 
Now  the  time  has  come  to  create  a  ceramic  glaze,  a  china, 
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a  stoneware.  not  in  ihe  scale  of  our  hands,  but  in  the  scale 
of  our  lives'. 

The  lime  for  scaling  up  has  arrived.  It  is  lime  for  computer 
designed  adobe  structures  glazed  and  fired  in  place.  It  is 
time  for  intercontinental  tunnels  made  from  concrete  and 
steel,  ceramic  pontoons,  and  smart  support  structures.  In 
short,  it  is  time  for  ceramic  engineers  to  think  big. 

It  is  also  time  for  scaling  down.  Electroceramic  com¬ 
ponents  and  devices  are  being  miniaturised  and  integrated 
with  silicon  based  circuitry  and  with  silica  based  optical 
systems  at  an  almost  exponential  rate.  Our  materials  are 
part  of  an  inorganic  evolution,  which  will  soon  rival  biology 
in  scale  and  in  complexity.  How  these  submicron  smart 
systems  will  integrate  with  human  culutrc  will  be  one  of 
the  exciting  engineering  adventures  of  the  coming  century, 
perhaps  leading  to  some  kind  of  hybrid  immortality. 

Will  any  of  this  come  true?  When  I  was  a  teenager  in 
high  school,  our  English  teacher  assigned  a  book  report  on 
Edward  Bellamy's ‘Looking  backward’,  a  Victorian  Utopian 
fantasy.  The  here,  Julian  West  was  a  Bostonian  gentleman 
who  was  mesmerised  and  then  awakened  a  century  later  to 
witness  the  ‘perfect  society’  of  the  year  2000.  Here  are  some 
of  Edward  Bellamy's  predictions: 

•  full  employment  with  workers  retiring  at  age  45 

•  money  replaced  by  credit  cards 

•  no  crime,  no  jails,  and  no  lawyers 

•  splendid  cultural  achievements  in  the  arts  and  music 

•  war  and  poverty  abolished. 

Some  of  these  predictions  have  come  true,  and  others  not. 
It  is  obvious  that  we  have  a  long  way  to  go  in  achieving 
the  perfect  society.  The  challenge  is  great  but  so  are  the 
opportunities. 
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ABSTRACT 

During  the  past  few  years,  piezoelectric  and  electrostrictive  ceramic  materials 
have  become  key  components  in  smart  actuator/sensor  systems  for  use  as  precision 
positioners,  miniature  ultrasonic  motors  and  adaptive  mechanical  dampers.  In 
particular,  multilayer  structures  have  been  intensively  investigated  in  order  to 
improve  their  reliability  and  to  expand  their  applications.  Recent  developments  in 
USA,  Japan  and  Europe  will  be  compared. 


INTRODUCTION 

Piezoelectric  actuators  are  forming  a  new  field  midway  between  electronic  and 
structural  ceramics  [1-4].  Application  fields  are  classified  into  three  categories: 
positioners,  motors  and  vibration  suppressors.  The  manufacturing  precision  of 
optical  instruments  such  as  lasers  and  cameras,  and  the  positioning  accuracy  for 
fabricating  semiconductor  chips,  which  are  adjusted  using  solid-state  actuators,  is 

of  the  order  of  0.1  pm.  Regarding  conventional  electromagnetic  motors,  tiny 
motors  smaller  than  1  cm3  are  often  required  in  office  or  factory  automation 
equipment,  and  are  rather  difficult  to  produce  with  sufficient  energy  efficiency. 
Ultrasonic  motors  whose  efficiency  is  insensitive  to  size  are  superior  in  the  mini¬ 
motor  area.  Vibration  suppression  in  space  structures  and  military  vehicles  using 
piezoelectric  actuators  is  also  a  promising  technology. 

Multilayer  structures  are  mainly  used  for  practical  applications,  because  of  their 
low  drive  voltage,  high  energy  density,  quick  response  and  long  lifetime  [5,6]. 
Figure  1  illustrates  multilayer,  multimorph  and  multilayer-moonie  structures,  which 
will  be  covered  in  this  article.  Recent  investigations  have  focused  on  the 
improvement  of  reliability  and  durability  in  multilayer  actuators. 
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This  article  reviews  the  investigations  of  device  structures,  reliability  issues, 
and  recent  applications  of  multilayer  actuators,  comparing  the  developments  in 
USA,  Japan  and  Europe. 

MULTILAYER  STRUCTURES 

Two  preparation  processes  are  possible  for  multilayer  ceramic  devices:  one  is  a 
cut-and-bond  method  and  the  other  is  a  tape-casting  method.  The  tape-casting 
method  requires  expensive  fabrication  facilities  and  sophisticated  techniques,  but  is 
suitable  for  the  mass-production  of  thousands  of  pieces  per  month.  Tape-casting 
also  provides  thin  dielectric  layers,  leading  to  low  drive  voltages  of  40  -  100  V 
[7,8]. 


Fig.l  Examples  of  multilayer,  multimorph  and  multilayer-moonie  structures. 


A  multilayer  actuator  with  interdigital  internal  electrodes  has  been  developed  by 
Tokin  [9,10].  In  contrast  to  the  conventional  electrode  configuration  in  Fig.  1,  line 
electrodes  are  printed  on  piezoelectric  ceramic  green  sheets,  and  are  stacked  in  such 
a  way  that  alternating  electrode  lines  are  displaced  by  one-half  pitch  (see  Fig.  2). 
This  actuator  generates  motions  at  right  angles  to  the  stacking  direction  using  the 
longitudinal  piezoelectric  effect.  Long  ceramic  actuators  up  to  74  mm  in  length  un¬ 
manufactured. 
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A  three-dimensional  positioning  actuator  with  a  stacked  structure  has  been 
proposed  by  PI  Ceramic  (Fig.3),  in  which  shear  strain  is  utilized  to  generate  x  and 

Y  dlCPompStSa[cVuator  structures  called  "moonies"  and  "cymbals';  have  been 
developed  at  Penn  State  University  to  provide  characteristics  intermediate  between 
the  multilayer  and  bimorph  actuators.  These  transducers  exhibit  an  order  ot 
magnitude  larger  displacement  than  the  multilayer,  and  much  larger  generative  lorce 
with  quicker  response  than  the  bimorph  [12,13],  The  device  consists  of  a  thin 
multilayer  piezoelectric  element  and  two  metal  plates  with  narrow  moon  s  ape 
cavities  bonded  together  as  shown  in  Fig.  1.  A  moonie  5  x  5  x  2.5  mm  in  size  can 
generate  a  20|im  displacement  under  60V,  eight  times  as  large  as  the  displacement 
of  a  multilayer  of  the  same  size  [14].  This  new  compact  actuator  has  been  used  to 
make  a  miniaturized  laser  beam  scanner  [14].  Moonie/cymbal  characteristics  have 
been  investigated  for  various  constituent  materials  and  sizes  [15,16]. 
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RELIABILITY  OF  MULTILAYER  ACTUATORS 

As  the  application  fields  expand,  the  reliability  and  durability  issues  ol 
multilayer  actuators  become  increasingly  important.  The  reliability  of  ceramic 
actuators  depends  on  a  number  of  complex  factors,  which  can  be  divided  into  three 
major  categories:  reliability  of  the  ceramic  itself,  reliability  of  the  device  design,  and 
drive  technique. 

Compositional  changes  of  actuator  ceramics  and  the  effect  of  doping  arc 
primary  issues  used  in  stabilizing  the  temperature  and  stress  dependence  of  the 

induced  strains.  A  multilayer  piezo-actuator  for  use  at  high  temperatures  (150°C) 
has  been  developed  by  Hitachi  Metal,  using  Sb203  doped  (Pb,Sr)(Zr,Ti)03 
ceramics  [17].  Systematic  data  on  uniaxial  stress  dependence  of  piezoelectric 
characteristics  have  been  collected  on  various  Navy  PZT  materials  [18].  Grain  size 
and  porosity  control  of  the  ceramics  are  also  important  in  controlling  the 
reproducibility  of  actuators  [19].  Aging  phenomena,  especially  the  degradation  ol 
strain  response,  are,  in  general,  strongly  dependent  on  the  applied  electric  field  as 
well  as  on  temperature,  humidity  and  mechanical  bias  stress  [20]. 


Fig. 3  3-D  controllable  multilayer  piezoelectric  actuator. 
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The  device  design  strongly  affects  its  durability  and  lifetime.  Silver  electrode 
metal  tends  to  migrate  into  the  piezoceramic  under  a  high  electric  field  in  high 
humidity.  Silver:palladium  alloys  suppress  this  behavior  effectively.  Resistive 
coatings  of  the  device  should  also  be  taken  into  account  [21].  To  overcome 
electrode  delamination,  improved  adhesion  can  be  realized  by  using  a  mesh-type 
electrode  or  an  electrode  material  with  mixed  metal  and  ceramic  (the  matrix 
composition!)  powders.  Pure  ceramic  electrode  materials  have  also  been  developed 
using  semiconductive  perovskite  oxides  (barium  titanate-based  PTCR  ceramics) 
[22].  The  lifetime  characteristics  of  a  multilayer  actuator  with  applied  DC  or 
unipolar  AC  voltage  at  various  temperatures  [23,24]  and  at  various  humidities  [25] 
were  investigated  by  Nagata  et  al.  The  relationship  between  the  logarithm  of  the 
lifetime  and  the  reciprocal  of  absolute  temperature  showed  linear  characteristics 
similar  to  Arrhenius  type.  Nevertheless,  the  degradation  mechanism  remains  a 
critical  problem. 

In  multilayer  actuators,  reduction  of  the  tensile  stress  concentration  around  the 
internal  electrode  edge  of  the  conventional  interdigital  configuration  is  the  central 
problem.  Regarding  the  destruction  mechanism  of  multilayer  ceramic  actuators, 
systematic  data  collection  and  analysis  have  led  to  considerable  progress  [26-33]. 
Two  typical  crack  patterns  are  generated  in  a  conventional  interdigital  multilayer 
device:  one  is  a  Y-shaped  crack  located  on  the  edge  of  an  internal  electrode,  and  the 
other  is  a  vertical  crack  located  in  a  layer  adjacent  to  the  top  or  bottom  inactive  layer, 
connecting  a  pair  of  internal  electrode. 

To  overcome  this  crack  problem,  three  electrode  configurations  have  been 
proposed  as  illustrated  in  Fig.  4:  plate-through,  interdigital  and  slit,  and  interdigital 
and  float  electrode  types.  The  "float  electrode"  type  is  an  especially  promising 
design  which  can  be  fabricated  using  almost  the  same  process  as  the  conventional 
multilayer  actuator,  and  lead  to  much  longer  lifetimes  [34].  An  empirical  rule  "the 
thinner  the  layer,  the  tougher  the  device"  [27,28]  is  also  very  intriguing,  and  will  be 
more  theoretically  investigated  in  the  near  future. 
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Fig. 4  Various  internal  electrode  configurations  in  multilayer  actuators, 
(a)  Interdigital,  (b)  Plate-through,  (c)  Slit-insert,  and  (d)  Float  electrode. 
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Failure  detection  or  lifetime  prediction  methods  are  expected  to  remarkably 
increase  the  reliability  of  multilayer  actuators.  Acoustic  emission  and  surface 
potential  monitoring  are  promising  methods  [35].  Penn  State  has  developed  a 
modified  multilayer  actuator  containing  a  strain  gauge  as  an  internal  electrode  [36]. 
This  internal  strain  gauge  electrode  can  detect  the  crack  initiation  sensitively  and 
monitor  the  field-induced  strain  [37]. 

Regarding  drive  techniques  for  ceramic  actuators,  pulse  drive  and  AC  drive 
require  special  attention;  the  vibration  overshoot  associated  with  a  sharp-rise 
step/pulse  voltage  causes  a  large  tensile  force,  leading  to  delammation  of  the  multi- 
stacked  structure,  while  long-term  application  of  AC  voltage  generates  considerable 
heat.  A  special  pulse  drive  technique  using  a  mechanical  bias  stress  are  required  in 
the  first  case,  and  heat  generation  can  be  suppressed  by  changing  the  device  design. 
An  analytical  approach  to  the  heat  generation  mechanism  in  multilayer  actuators  has 
been  reported,  indicating  the  importance  of  larger  surface  area  [38].  Heat 
generation  in  piezoelectric  ceramics  is  mainly  attributed  to  the  P-E  hysteresis  loss 
under  large  electric  field  drive  [39,40].  For  ultrasonic  motors,  antiresonance  drive 
is  preferable  to  resonance  drive  because  of  higher  efficiency  and  lower  heat 
generation  for  the  same  vibration  level  [41]. 


APPLICATIONS  OF  MULTILAYER  ACTUATORS 

Table  I  compares  a  variety  of  ceramic  actuator  developments  in  the  USA,  Japan 
and  Europe.  Additional  details  will  be  described  in  this  section. 


Table  I  Ceramic  actuator  developments  in  the  USA,  Japan  and  Europe. 


US 

Japan 

Europe 

TARGET 

Military-oriented 

Mass-consumer 

Laboratory 

products 

products 

equipment 

CATEGORY 

Vibration 

Mini-motor 

Mini-motor 

suppressor 

Positioner 

Positioner 

Vibration 

suppressor 

APPLICATION 

Space  structure 

Office  equipment 

Lab  stage-stepper 

HELD 

Military  vehicle 

Cameras 

Airplanes 

Precision  machines 

Automobiles 

Automobiles 

Hydraulic  systems 

ACTUATOR  SIZE 

Up-sizing 

Down-sizing 

Intermediate  size 

(30  cm) 

(1  cm) 

(10  cm) 

MAJOR 

AVX/Kyocera 

Tokin  Corp. 

Philips 

MANUFACTURER 

Morgan  Matroc 

NEC 

Siemens 

Itek  Opt.  Systems 

Hitachi  Metal 

Hoechst  Ceram  Tec. 

Burleigh 

Mitsui-Sekka 

Ferroperm 

AlliedSignal 

Canon 

Seiko  Instruments 

Physik  Instrumente 
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USA 

The  principal  target  is  military-oriented  applications  such  as  vibration 
suppression  in  space  structures  and  military  vehicles.  Substantial  up-sizing  of  the 
actuators  is  required  for  these  purposes. 

A  typical  example  is  found  in  the  aircraft  wing  proposed  by  NASA  [42].  A 
piezoelectric  actuator  was  installed  near  the  support  of  the  wing,  allowing 
immediate  suppression  of  unwanted  mechanical  vibrations.  Several  papers  have 
been  reported  on  damper  and  noise  cancellation  applications  [43,44], 

Passive  dampers  constitute  another  important  application  of  piezoelectrics, 
where  mechanical  noise  vibration  is  radically  suppressed  by  the  converted  electric 
energy  dissipation  through  Joule  heat  when  a  suitable  resistance,  equal  to  an 

impedance  of  the  piezoelectric  element  1/coC,  is  connected  to  the  piezo-element 
[45]. 

A  widely-publicized  application  took  place  with  the  repair  of  the  Hubble 
telescope  launched  by  the  Space  Shuttle.  Multilayer  PMN  electrostrictive  actuators 
corrected  the  image  by  adjusting  the  phase  of  the  incident  light  wave  (Fig.5)  [46]. 
PMN  electrostrictors  provided  superior  adjustment  of  the  telescope  image  because 
of  negligible  strain  hysteresis. 


Fig.5  Articulating  fold  mirror  using  PMN  multilayer  actuators. 
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camera^video  cameras.  Tiny  actuators  smaller  than  lcn.3  are  the  mam  focus  m 

theSA  Pj^U™ir;v  nrinter  was  the  first  widely-commercialized  product  using 
multUayer  cerate  acUtatorsW  ^ch^emrfonuedby  ^  a  pnng  was 

Swte^av  The  Printing  ekmem  was  composed  of  a  multilayer  piezoelectric 

lllSIfSittls 

commercialiLd  by  Seiko  Epson,  using  Skrated  recently. 

Mulfila^er  acmatore'tave^been^troduced  to  M°elecuoniadly  controlled  suspension 
[50]  and  a  pilot  injection  system  for diesel  engines  [5 1  ].  _  .  vibrators  as 

x£852rjS5%&s£££x 

asSSSSSE^ssj^ss 

HgT[M?fA°&m  Tedrf  SKSh  Li  a  maximum  dims,  of  60  gf  were 

^^“"n  SET ^“eraSesiave  been  replaced  by 

of  earthquakes,  using  piezoelectric  actuators  [56  57L  d 

multilayer  piezo-actuator  was  tested  using  an  actual  size  H-type  steel  giro 
was  verified  to  be  effective  during  earthquakes. 

EUCerlLc  actuator  development  has  begun  relatively  recently  in  Europe  with i  a 

S°PFiSnum tstowsTwalking  piezo  motor  with  4  multilayer  actuators  by  Philips 

p^oce^lng^istanc^Tn'an^inchworm'n^^ani^m*6  »as 

developed  more  complicated  two-leg  type  walkers  [59]. 
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Fig. 6  Monolithic  multilayer  piezoelectric  linear  motor. 
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CONCLUSIONS 

Twenty  years  have  passed  since  the  intensive  development  of  piezoelectric 
actuators  began  in  Japan,  then  spread  worldwide.  Presently,  the  focus  has  been 
shifted  to  practical  device  applications.  This  article  has  reviewed  several  reliability 
issues  of  the  multilayer  ceramic  actuators  as  well  as  new  actuator  structures,  and: 
compared  the  developments  of  recent  applications  among  USA,  Japan  and  Europe. 

The  markets  in  USA  are  chiefly  limited  to  military  and  defense  applications,  and 
it  is  difficult  to  estimate  the  amount  of  sales.  The  current  Navy  needs  include  smart 
submarine  skins,  hydrophone  actuators,  and  prop  noise  cancellation.  Smart  aircraft 
skins  are  an  Air  Force  objective,  while  Army  requires  helicopter  rotor  twisting, 
aeroservoelastic  control  and  cabin  noise/ seat  vibration  cancellation. 

Meanwhile  in  Japan,  piezoelectric  shutters  (Minolta  Camera)  and  automatic 
focusing  mechanisms  in  cameras  (Canon),  dot-matrix  printers  (NEC)  and  part* 
feeders  (Sanki)  are  now  commercialized  and  mass-produced  by  tens  of  thousands 
of  pieces  per  month.  During  the  commercialization,  new  designs  and  drive-control 
techniques  of  the  ceramic  actuators  have  been  mainly  developed  over  the  past  few 
years.  A  number  of  patent  disclosures  have  been  generated  by  NEC,  TOTO 
Corporation,  Matsushita  Electric,  Brother  Industry,  Toyota  Motors,  Tokin,  Hitachi 
Metal  and  Toshiba. 

If  we  estimate  the  annual  sales  in  2001  (neglecting  the  current  economic 
recession  in  Japan),  ceramic  actuator  units,  camera-related  devices  and  ultrasonic 
motors  are  expected  to  reach  $500  million,  $300  million  and  $150  million, 
respectively.  Regarding  the  final  actuator-related  products,  $10  billion  is  a  realistic 
goal  [55]. 

Future  research  trends  can  be  divided  in  two  ways:  up-sizing  in  space  structures 
and  down-sizing  in  office  equipment.  Further  down-sizing  will  also  be  required  in 
medical  diagnostic  applications  such  as  blood  test  kits  and  surgical  catheters. 

Key  words  for  the  future  of  multilayer  ceramic  actuators  are  "miniaturization" 
and  "hybridization."  Layers  thinner  than  10  pm,  corresponding  to  current 
multilayer  capacitor  technology,  will  also  be  introduced  in  actuator  devices 
replacing  the  present  100  pm  sheets.  Piezoelectric  thin  films  compatible  with 
silicon  technology  are  a  focus  in  micro-electromechanical  systems.  Ultrasonic 
rotary  motors  as  small  as  2  mm  in  diameter  [60]  and  two-dimensional  micro- 
optical-scanner  [61],  both  of  which  were  fabricated  on  a  silicon  membrane  are  good 
examples. 

Non-uniform  configurations  or  hetero-structures  of  different  materials,  layer 
thickness,  or  electrode  patterns  will  be  adopted  for  practical  devices.  Functionally 
gradient  piezoelectric  actuators  now  being  prototyped  indicate  a  new  trend  [62]. 
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5.19.1  INTRODUCTION 


Composite  materials  sometimes  exhibit  im¬ 
proved  properties  and/or  new  functions  com¬ 
pared  with  single-phase  materials.  We  will 
consider  the  principles  of  composite  effects 
and  their  typical  applications  in  this  chapter, 
taking  particularly  piezocomposites  as  typical 
examples,  which  composed  of  a  piezoelectric 
ceramic  and  polymer  are  promising  materials 
because  of  their  excellent  tailorable  properties. 
The  geometry  for  two-phase  composites  can  be 
classified  according  to  the  connectivity  of  each 

©phase  (1,  2,  or  3  dimensionally)  into  10  struc¬ 
tures:  0-0,  0-1,  0-2,  0-3,  1-1,  1-2,  1-3,  2-2,  2-3, 
and  3;3.  In  particular,  a  1-3  piezocomposite,  or 
1  t  P^yirod/polymer-matrix  composite,  is  consid- 
Z)»Tonal€/"  ere j  most  useful.  The  advantages  of  this  com- 
[tiWxate  J  posite  are  high  coupling  factors,  low  acoustic 
impedance,  good  matching  to  water  or  human 
tissue,  mechanical  flexibility,  broad  bandwidth 
in  combination  with  a  low  mechanical  quality 
factor,  and  the  possibility  of  making  undiced 
arrays  by  simply  patterning  the  electrodes.  The 


ix0020 


acoustic  match  to  tissue  or  water  (1.5  Mrayls) 
of  the  typical  piezoceramics  (20-30  Mrayls)  is 
significantly  improved  when  it  is  incorporated 
into  such  a  composite  structure,  that  is,  by 
replacing  some  of  the  dense  and  stiff  ceramic 
with  a  less  dense,  more  pliant  polymer.  Piezo¬ 
electric  composite  materials  are  especially  use¬ 
ful  for  underwater  sonar  and  medical 
diagnostic  ultrasonic  transducer  applications. 

Another  type  of  composite  comprised  of  a  «oo25 
magnetostrictive  ceramic  and  a  piezoelectric 
ceramic  produces  an  intriguing  product  effect, 
the  magnetoelectric  effect,  in  which  an  electric 
field  is  produced  in  the  material  in  response  to 
an  applied  magnetic  field. 


5.19.2  CONNECTIVITY  «*oo3o 

Newnham  et  al.  (1978)  introduced  the  con-  7NcwnhamR.E 
cept  of  “connectivity”  for  classifying  the  var¬ 
ious  PZTrpolymer  composite  structures.  When 
considering  a  two-phase  composite,  the  connec- 
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tivity  of  each  phase  is  identified;  e.g.,  if  a  phase 
is  self-connected  in  all  x,  y,  and  z  directions,  it  is 
called  “3”;  if  a  phase  is  self-connected  only  in 
the  z  direction,  it  is  called  “1.”  A  diphasic 
composite  is  identified  with  this  notation  with 
two  numbers  m-n,  where  m  stands  for  the  con¬ 
nectivity  of  an  active  phase  (such  as  PZT)  and  n 
for  an  inactive  phase  (such  as  a  polymer).  In 
general,  there  are  10  types  of  diphasic  compo¬ 
sites:  0-0,  1-0,  2-0,...,  3-2,  3-3,  as  illustrated  in 
Figure  1 . 

A  0-0  composite,  for  example,  is  depicted  as 
two  alternating  hatched  and  unhatched  cubes, 
while  a  1-0  composite  has  Phase  1  connected 
along  the  z  direction.  A  1-3  composite  has  a 
structure  in  which  PZT  rods  (one-dimension- 
ally  connected)  are  arranged  in  a  three-dimen- 
sionally  connected  polymer  matrix,  and  in  a  3-1 
composite,  a  honeycomb-shaped  PZT  contains 
the  one-dimensionally  connected  polymer 


adding  carbon  fibers  in  a  special  orientation^ 
i.e.,  along  a  rod  (showing  a  convex  relation  as 
depicted  in  Figure  2(a)).  ) 

Another  interesting  example  is  an  NTC-PTC^oooss 
material  (Uchino,  1986).  V2O3  powders  are  QAiir  v 
mixed  in  epoxy  with  a  relatively  high  packing 
rate  (3-3),  as  illustrated  in  Figure  3.  Since  V203  ran 
exhibits  a  semiconductor-metal  phase  transi¬ 
tion  at  160  K,  a  drastic  resistivity  change  is 
observed  with  increasing  temperature.  A 
further  increase  in  temperature  results  in  a 
larger  thermal  expansion  for  epoxy  than  for 
the  ceramic,  leading  to  a  separation  of  each 
particle  and  the  structure  becomes  a  0-3  com¬ 
posite.  The  V203  particle  separation  increases 
the  resistivity  significantly  at  around  100°C. 

Thus,  the  conductivity  of  this  composite  is 
rather  high  only  over  a  limited  temperature 
range  (around  - 100  to  100  °C),  which  is  some¬ 
times  called  the  conductivity  window. 


phase.  A  2-2  composite  indicates  a  structure 
in  which  ceramic  and  polymer  sheets  are 
stacked  alternately,  and  a  3-3  composite  is 
composed  of  a  jungle-gym-like  PZT  frame  em¬ 
bedded  in  a  three-dimensionally  connecting 
polymer. 


5.19.3  COMPOSITE  EFFECTS 

There  are  three  types  of  composite  effects 
(Figure  2):  the  sum  effect,  the  combination 
effect,  and  the  product  effect. 


5.19.3.1  Sum  Effects 

Let  us  discuss  a  composite  function  in  a 
diphasic  system  to  convert  an  input  X  to  an 
output  Y.  Assuming  Yx  and  T2  are  the  outputs 
from  Phase  1  and  2,  respectively,  the  output 
rof  a  composite  of  Phases  1  and  2  could  be  an 
intermediate  value  between  Y\  and  K2. 
Figure  2(a)  shows  the  Y"  variation  with  volume 
fraction  of  Phase  2  for  a  case  of  Tj  >  Y2.  The 
variation  may  exhibit  a  concave  or  a  convex 
shape,  but  the  averaged  value  in  a  composite 
does  not  exceed  Yx  nor  is  it  less  than  Y2.  This 
effect  is  called  a  sum  effect. 

An  example  is  a  fishing  rod,  i.e.,  a  light¬ 
weight/tough  material,  where  carbon  fibers 
are  mixed  in  a  polymer  matrix  (between  3-1 
and  3-0).  The  density  of  a  composite  should 
be  an  average  value  with  respect  to  volume 
fraction,  if  no  chemical  reaction  occurs  at  the 
interface  between  the  carbon  fibers  and  the 


5.19.3.2  Combination  Effects  »oo6o 

In  certain  cases,  the  average  value  of  the 
output,  T*,  of  a  composite  does  exceed  Tj  and 
Y2.  This  enhanced  output  refers  to  an  effect  Yj 
Z  which  depends  on  two  parameters  Y  and  Z. 
Suppose  that  Y  and  Z  follow  convex  and  con¬ 
cave  type  sum  effects,  respectively,  as  illustrated 
in  Figure  2(b),  the  combination  value  Y/Z  will 
exhibit  a  maximum  at  an  intermediate  ratio  of 
phases.  This  is  called  a  combination  effect. 

Certain  piezoelectric  ceramic-polymer  com-  boms 
posites  exhibit  a  combination  property  of  g  (the 
piezoelectric  voltage  constant)  which  is  provided 
by  df &  (d  =  piezoelectric  strain  constant  and 
e  =  permittivity).  The  details  of  these  materials 
will  be  described  in  the  next  section. 


5.19.3.3  Product  Effects  «*oo7o 

When  Phase  1  exhibits  an  output  Y  with  an 
input  X,  and  Phase  2  exhibits  an  output  Z  with 
an  input  Y,  we  can  expect  for  the  composite  an 
output  Z  with  an  input  X.  A  completely  new 
function  is  created  for  the  composite  structure, 
called  a  product  effect. 

Philips  developed  a  magnetoelectric  material  «*oo?5 
based  on  this  concept  (Uchino,  1986).  This  u  uchinoK. 
material  is  composed  of  magnetostrictive 
CoFe2C>4  and  piezoelectric  BaTi03  mixed  and 
sintered  together.  Figure  4  shows  a  micrograph  fkm 
of  a  transverse  section  of  a  unidirectionally 
solidified  rod  of  the  materials  with  an  excess 


polymer,  following  the  linear  trend  depicted  in  of  Ti02  (1.5wt.%).  Four  finned  spinel  den- 
Figure  2(a).  A  dramatic  enhancement  in  the  drites  are  observed  in  cells  (xlOO).  Figure  5  foqs 

mechanical  strength  of  the  rod  is  achieved  by  shows  the  magnetic  field  dependence  of  the 
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magnetoelectric  effect  in  an  arbitrary  unit  mea¬ 
sured  at  room  temperature.  When  a  magnetic 
field  is  applied  on  this  composite,  cobalt  ferrite 
generates  magnetostriction,  which  is  trans¬ 
ferred  to  barium  titanate  as  stress,  finally  lead¬ 
ing  to  the  generation  of  a  charge/voltage  via  the 
piezoelectric  effect  in  BaTi03- 
mooso  Since  the  magnetoelectric  effect  in  a  single¬ 

phase  material  such  as  Cr203  can  be  observed 
only  at  a  very  low  temperature  (liquid  helium 
temperature),  observation  of  this  effect  at  room 
temperature  is  really  a  breakthrough.  Inexpen¬ 
sive  sensors  for  monitoring  magnetic  field  at 
room  temperature  or  at  elevated  temperature 
can  be  produced  from  these  composite  materi¬ 
als. 
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5.19.4  PZT-POLYMER  COMPOSITES 
5.19.4.1  Piezoelectric  Composite  Materials 
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ier  piezoelectric  materials  such  as 

_ ire  very  suitable  for  sensor  applications. 

However,  because  of  its  small  piezoelectric  d 
constants  and  very  small  elastic  stiffness,  PVDF 
cannot  be  used  by  itself  in  fabricating  actuators 
or  high-power  transducers.  PZTf-polymer  com- 
posites,  however,  play  a  key  role  in  the  design  of 
transducers,  for  applications  such  as  sonar, 
which  have  both  actuator  and  sensor  functions 
(Uchino  et  al.,  1982). 

The  representative  data  for  several  composite 
piezoelectric  materials  are  listed  in  Table  1 
(Uchino  et  al.,  1982),  with  data  for  some  sin¬ 
gle-phase  piezoelectric  polymer  and  PZT  mate¬ 
rials.  The  piezoelectric  d  constant  of  PVDF, 
which  indicates  the  strain  per  unit  electric 
field  (actuator  applications!),  is  1/10  smaller 
than  that  of  PZT,  however,  because  of  its 
small  dielectric  constant,  the  piezoelectric  g 
constant  of  PVDF,  which  indicates  the  voltage 
per  unit  stress  (sensor  applications!),  is  10  times 
larger  than  that  of  PZT.  PZT-polym'er  compo¬ 
sites  exhibit  a  wide  range  of  piezoelectric  re¬ 
sponse,  but  in  general  d  is  slightly  smaller  than 
PZT  and  g  is  slightly  smaller  than  PVDF.  Thus, 
particularly  for  underwater  transducers,  which 
perform  both  actuation  and  sensing  and  have  a 
figure  of  merit  of  dh.  gh,  the  composite  materials 
are  found  to  be  far  superior  to  single-phase 
materials  like  PZT  or  PVDF. 


txoioo  5.19.4.2  Principle  of  PZT-Polymer 

Composites 

Here,  in  order  to  illustrate  the  principle,  let  us 
take  a  1-3  composite  which  is  composed  of  PZT 
fibers  embedded  in  a  polymer  matrix  as  shown 


in  Figure  6.  The  original  fabrication  process  foo6 

involves  the  injection  of  epoxy  resin  into  an 

array  of  PZT  fibers  assembled  with  a  special 

rack  (Klicker  et  al.,  1981).  After  the  epoxy  is  4  xuckcrK.  a. 

cured,  the  sample  is  cut,  polished,  electroded  on 

the  top  and  bottom,  and  finally  electrically 

poled.  The  die  casting  technique  has  recently 

been  employed  to  make  rod  arrays  from  a  PZT 

slurry  (Materials  Systems  Inc.  Catalog,  1994).  5  Materials  sy«- 

The  effective  piezoelectric  coefficients  d"  and  nono 
g‘  of  the  composite  can  be  interpreted  as  fol¬ 
lows:  when  an  electric  field  £3  is  applied  to  this 
composite,  the  piezoceramic  rods  extend  easily 
because  the  polymer  is  elastically  very  soft  (as¬ 
suming  that  the  electrode  plates  which  are 
bonded  to  its  top  and  bottom  are  rigid  enough). 

Thus,  d3 3*  is  almost  the  same  as  xd33  of  the  PZT 
itself, 

^33*  =  V33  (1) 

Similarly, 

^3I*=  ’^31  (2) 

where  1 K  is  the  volume  fraction  of  phase  1 
(piezoelectric).  On  the  other  hand,  when  an 
external  stress  is  applied  to  the  composite,  the 
elastically  stiff  piezoceramic  rods  will  support 
most  of  the  load,  and  the  effective  stress  is 
drastically  enhanced  and  inversely  proportional 
to  the  volume  fraction.  Thus,  larger  induced 
electric  fields  and  larger  g’  constants  are  ex¬ 
pected: 

g33*  =  dn'IW*' =  'dnl'Vzohi 

=  W'f  (3) 

Figure  7  shows  the  piezoelectric  coefficients  00115 
for  a  PZT-Spurrs  epoxy  composite  with  1-3  ™ 
connectivity,  measured  with  a  Berlincourt  d33 
meter.  As  predicted  by  the  model  for  this  com¬ 
posite,  the  measured  d33  values  are  indepen¬ 
dent  of  volume  fraction,  but  are  only  about 
75%  of  the  d33  value  of  the  PZT  501A  ceramic. 

This  discrepancy  may  be  due  to  incomplete 
poling  of  the  rods.  A  linear  relation  between 
the  permittivity  and  the  volume  fraction  1 V  is 
almost  satisfied,  resulting  in  a  dramatic  increase 
in  £33*  with  decreasing  fraction  of  PZT.  The 
piezoelectric  coefficients  for  the  1-3  composite 
are  listed  in  Table  1,  together  with  those  of  a 
PZT-silicone  composite  with  3-3  connectivity. 

In  conclusion,  for  the  composites,  the  piezo¬ 
electric  g  coefficient  can  be  enhanced  by  two 
orders  of  magnitude  with  decreasing  volume 
fraction  of  PZT,  while  the  d  coefficient  remains 
constant. 

The  advantages  of  this  composite  are  high  «xoi2o 
coupling  factors,  low  acoustic  impedance,  good 
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matching  to  water  or  human  tissue,  mechanical 
flexibility,  broad  bandwidth  in  combination 
with  a  low  mechanical  quality  factor,  and  the 
possibility  of  making  undiced  arrays  by  simply 
patterning  the  electrodes.  The  thickness-mode 
electromechanical  coupling  of  the  composite 
can  exceed  the  kx  (0.40-0.50)  of  the  constituent 
ceramic,  approaching  almost  the  value  of  the 
rod-mode  electromechanical  coupling, 

12  Smithw.  a.  (0.70-0.80),  of  that  ceramic  (Smith,  1989). 
sxoi25  The  acoustic  match  to  tissue  or  water  (1.5 

M  ray  Is)  of  the  typical  piezoceramics  (20-30 
Mrayls)  is  significantly  improved  when  they 
are  incorporated  in  forming  a  composite  struc¬ 
ture,  that  is,  by  replacing  the  dense,  stiff  cera¬ 
mic  with  a  low  density,  soft  polymer. 
Piezoelectric  composite  materials  are  especially 
useful  for  underwater  sonar  and  medical  diag¬ 
nostic  ultrasonic  transducer  applications. 

«oi3o  Although  the  PZT  composites  are  very  useful 

for  acoustic  transducer  applications,  care  must 
be  taken  when  using  them  in  actuator  applica¬ 
tions.  Under  an  applied  d.c.  field,  the  field- 
induced  strain  exhibits  large  hysteresis  and 
creep  due  to  the  viscoelastic  property  of  the 
polymer  matrix.  More  serious  problems  are 
found  when  they  are  driven  under  a  high  a.c. 
field,  related  to  the  generation  of  heat.  The  heat 
generated  by  ferroelectric  hysteresis  in  the 
piezoceramic  cannot  be  dissipated  easily  due 
to  the  very  low  thermal  conductivity  of  the 
polymer  matrix,  which  results  in  rapid  degrada¬ 
tion  of  piezoelectricity. 


c33*  =  [a\a  +  (1  -  a)«)21e33-2E33]/[fl-2£33 

+  (l-a)/i  'e33]  +  [1  -  a\a  +  (l-fl)n)'  £33]  (4) 

dW  =  '</33  [a3(o  +  (l-a)«)l/["  . 

+  +  (1-a>1)  +  fl'K5) 

di  ,*  =  ld3i[a\a  +  (1  -a)n)V[a 

-Kl-a)"(,£33/2£33)]-a/[l-a(a  +  (1  -*)")  +  «  K6) 

The  volume  fraction  of  phase  1  is  given  by 

1 V  =  a3/(a  +  (l-a)n)  (7) 

The  case  n  =  1  corresponds  to  the  cubes  model, 
and  a  general  case  0<n<l  corresponds  to  a 
configuration  more  dense  along  the  z  direction. 

Figure  10  shows  the  experimentally  determined  foio 
permittivity  and  piezoelectric  dbm 
(=  ^33*  +  24,1*)  coefficient  for  PbTi03-chlor- 
oprene  rubber  composites,  with  the  theoretical 
curves  (Banno  and  Tsunooka,  1987.  When  the  3BannoH. 
volume  fraction  of  PbTi03('  V)  is  small,  n  seems 
to  be  less  than  1  (that  is,  the  rubber  thickness 
around  a  PbTi03  ceramic  cube  is  thinner  along 
the  z  direction  and  thicker  along  the  *  and  y 
directions)  and  by  increasing  the  volume  frac¬ 
tion,  n  approaches  1  (that  is,  the  rubber  thick¬ 
ness  becomes  equal  in  all  three  dimensions). 

This  configuration  change  may  be  caused  by 
the  method  of  fabrication,  which  typically 
involves  rolling  and  calendering. 


ixoi35  5.19.4.3  Theoretical  Models  for  0-3 

Composites 

Various  models  have  been  proposed  to  pre¬ 
dict  the  electromechanical  properties  of  a  com- 
8  l.  a.  Pauer,  posite  material.  Pauer  (1973)  developed  a  0-3 
composite  material  comprised  of  PZT  powder 
and  polyurethane  rubber,  and  predicted  its  per¬ 
mittivity  values  by  means  of  a  cubes  model. 
cxoi4o  Figure  8  shows  the  relative  permittivity  plotted 

F008  as  a  function  of  volume  fraction  of  PZT  pow¬ 

der,  in  comparison  with  theoretical  values  cal¬ 
culated  on  the  basis  of  the  cubes  model  (cubic 
PZT  particles),  the  sphere  model  (spherical 
PZT  particles),  and  the  parallel  and  series  mod¬ 
els.  None  of  the  models  provided  a  close  fit  to 
the  experimental  data. 

ixoi4s  Banno  (1985)  proposed  a  “modified  cubes 

2  BannoH.  model,”  which  took  into  account  the  anisotro¬ 
pic  distribution  of  cubes  in  x,  y,  and  z  direc¬ 
tions.  The  unit  cell  of  this  model  is  shown  in 
txoiso  Figure  9.  The  following  formulas  can  be 
derived  for  a  uniaxially  anisotropic  case  (i.e., 
1  =  m  =  1,  n  /  1): 


5.19.4.4  Advanced  PZT-Polymer  Composites  koiss 

3-3  composites  were  first  fabricated  by  the 
replamine  method.  A  negative  replica  of  a  nat¬ 
ural  coral  structure  with  3-3  connectivity  was 
made  of  wax.  Then,  a  positive  replica  of  the 
negative  structure  was  prepared  by  introducing 
a  PZT  slurry  into  the  porous  network  of  the 
negative  template,  drying,  burning  out  the  wax, 
and  finally  sintering  the  PZT  ceramic  (Skinner 
et  al.,  1978).  In  order  to  make  highly  porous  11  skimm-D.  p. 
PZT  skeletons,  the  BURPS  (BURned-out  Plas¬ 
tic  Spheres)  method  was  proposed  (Shrout  et  al., 

1979),  where  PZT  powders  and  plastic  spheres  to  shrourr.  r. 
are  mixed  in  a  binder  solution,  and  the  mixture 
is  sintered.  Miyashita  et  al.  (1980)  reported  an  6  Miy»»hiuM. 
alternative  method  that  involves  piling  up  thin 
PZT  rods  in  a  three-dimensionally  connected 
array. 

3-1  and  3-2  composites  can  be  fabricated  by  «oi«o 
drilling  holes  in  a  PZT  block,  and  back-filling 
with  epoxy.  In  addition  to  this  drilling  method, 
an  extrusion  method  has  also  been  used  to 
fabricate  a  PZT  honeycomb.  The  3-1  and  3-2 
composites  show  large  db  and  gh  values  (Safari 
et  al.,  1982).  As  shown  in  Figure  11,  there  are  »s*fanA. 
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two  types  of  electrode  configurations  com¬ 
monly  applied  to  these  composites:  parallel  [P] 
and  series  [S].  In  general,  S  types  exhibit  larger 
dh  and  gh  values  than  P  types. 


(1  -  k2l2)"T0  =  exp  ( -  r/x) 

(9) 

or 

t-  -7oln(l  -**/2) 

(10) 

5.19.5  PZT  COMPOSITE  DAMPERS 

Another  intriguing  application  of  PZT  com¬ 
posites  is  a  passive  mechanical  damper.  Con¬ 
sider  a  piezoelectric  material  attached  to  an 
object  whose  vibration  is  to  be  damped.  When 
vibration  is  transmitted  to  the  piezoelectric  ma¬ 
terial,  the  vibrational  energy  is  converted  into 
electrical  energy  by  the  piezoelectric  effect,  and 
an  a.c.  voltage  is  generated.  If  the  piezoelectric 
material  is  in  an  open-  or  short-circuit  condi¬ 
tion,  the  generated  electrical  energy  changes 
back  into  vibrational  energy  without  loss.  The 
repetition  of  this  process  provides  continuous 
vibration.  If  a  proper  resistor  is  connected, 
however,  the  energy  converted  into  electricity 
is  consumed  in  joule  heating  of  the  resistor,  and 
the  amount  of  energy  converted  back  into  me¬ 
chanical  energy  is  reduced,  so  that  the  vibration 
can  be  rapidly  damped.  Taking  the  series  resis¬ 
tance  as  /?,  the  capacitance  of  the  piezoelectric 
material  as  C,  the  vibration  frequency  as  /, 
damping  takes  place  most  rapidly  when  the 
series  resistor  is  selected  in  such  a  manner  that 
the  impedance  matching  condition,  R  =  \/2nfC, 
is  satisfied  (Uchino  and  Ishii,  1988).  Using  this 
technique,  in  collaboration  with  ACX  Com¬ 
pany,  K2  developed  ski  blades  with  PZT 
patches  to  suppress  unnecessary  vibration  dur¬ 
ing  sliding  (ACX  Company  Catalog). 

The  electric  energy  generated  can  be  ex¬ 
pressed  by  using  the  electromechanical  cou¬ 
pling  factor  k  and  the  mechanical  energy  t/M. 

UE=UMxk 2  (8) 

The  piezoelectric  damper  transforms  electrical 
energy  into  heat  energy  when  a  resistor  is  con¬ 
nected,  and  the  transforming  efficiency  of  the 
damper  can  be  raised  to  a  level  of  up  to  50%. 
Accordingly,  the  vibration  energy  is  decreased 
at  a  rate  of  (1  —k?/2)  times  for  a  vibration  cycle, 
since  k?l 2  multiplied  by  the  amount  of  mechan¬ 
ical  vibration  energy  is  dissipated  as  heat  en¬ 
ergy.  As  the  square  of  the  amplitude  is 
equivalent  to  the  amount  of  vibrational  energy, 
the  amplitude  decreases  at  a  rate  of  (1  —k2^12 
times  with  every  vibration  cycle.  If  the  reso¬ 
nance  period  is  taken  to  be  T0,  the  number  of 
vibrations  for  t  seconds  is  2tjT^.  Consequently, 
the  amplitude  in  t  seconds  is  (1  —tcj 2)'/70. 
Thus,  the  damping  in  the  amplitude  of  vibra¬ 
tion  in  t  seconds  can  be  expressed  as  follows: 


In  conclusion,  the  higher  the  k  value,  the 
quicker  the  vibration  suppression. 

Being  brittle  and  hard,  ceramics  are  difficult  «oi9o 
to  assemble  directly  into  a  mechanical  system. 

Hence,  flexible  composites  can  be  useful  in 
practice.  When  a  composite  of  polymer,  piezo¬ 
ceramic  powder,  and  carbon  black  is  fabricated 
(Figure  12),  the  electrical  conductivity  of  the  ron 
composite  is  greatly  changed  by  the  addition  of 
small  amounts  of  carbon  black  (Suzuki  et  al., 

1991).  Figure  13  illustrates  the  fabrication  pro-  nsuzukiy. 
cess.  By  properly  selecting  the  electrical  con-  noi9s 
ductivity  of  the  composite,  the  ceramic  powder 
effectively  forms  a  series  circuit  with  the  carbon 
black,  so  that  the  vibrational  energy  is  dissi¬ 
pated.  The  conductivity  changes  by  more  than 
10  orders  of  magnitude  around  a  certain  carbon 
fraction  called  the  percolation  threshold,  where 
the  carbon  powder  link  start  to  be  generated. 

This  eliminates  the  use  of  external  resistors. 

Figure  14  shows  the  relation  between  the  araoo 
damping  time  constant  and  the  volume  percen-  F0M 
tage  of  carbon  black  in  the  PLZT-PVDF  and 
PZT-PVDF  composites.  A  volume  percentage /V  j 
of  about  7%  carbon  black  exhibited  the  mini- Vi/ 
mum  damping  time  constant  and  therefore  the 
most  rapid  vibrational  damning.  Note  that  the  .  py-j-N  I 
PLZTAvith  a  higher  electromechanical  coupling  •  L  l  J 
k  shows  a  larger  dip  (more  effective)  in  the 
damping  time  constant  curve. 
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Table  1  Comparison  of  the  piezoelectric  response  of  PZT-polymer  composites,  with  the  single-phase 

materials  PVDF  and  PZT. 


Connectivity 

>  Material 

Density 

,  P 

(lO’kgm- 

Elastic  Dielectric 

constant  constant  Piezoelectric  constants 

C33  £3  J33  ,  ,^33  gh 

3)  (GPa)  (GPa)  (10'12  CN'')(10'3  mVN-i)(10'3  mVN.,) 

PZT(501A) 

7.9 

81 

2000 

400 

20 

3 

single  phase 

3-1 

PZT-Epoxy 

3.0 

19 

400 
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75 

40 
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3 

40 
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80 
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19 
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60 
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3-0 
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2.6 
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90 

85 

PZT-Rubber 

6.2 

0.08 

73 

52 

140 

30 

PZT-Chloroprene 

40 

90 

rubber 

Extended  PVDF 

1.8 

3 

13 

20 

160 

80 
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Figure  1  Classification  of  two-phase  composites  with  respect  to  connectivity  (after  Newnham  el  a l 

<7  >1978). 
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(a)  Sum  Effect 

Phase  1 :  X— >  Y|  1 
Phase2:X — >'fc  J  X 


(b)  Combination  Effect 


Phase  1  :X— >Vj/Zi  1 
Phase  2 :  X  — >  X^Z2  J  x  > 


Phase  1  Phase  2 


Phase  1  Phase  2 


(c)  Product  Effect 

Phase  1  :  X  — >  Y  1 

Phase 2 : Y  — > Z  J  X— > Z  NewFunction 

Figure  2  Composite  effects:  sum,  combination,  and  product  effect. 
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Figure  3  NTC-PTC  effect  observed  in  a  V20.r-epoxy  composite  (after  Uchino,  <  14>  1986). 
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Figure  4  Micrograph  of  a  transverse  section  of  a  unidirectionally  solidified  rod  of  mixture  of 
magnetostrictive  CoFe2C>4  and  piezoelectric  BaTiCh,  with  an  excess  of  Ti02  (1.5wt.%)  (after  Uchino, 

<  I4>  1986).  <QA:6> 
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Figure  5  Magnetic  field  dependence  of  the  magne¬ 
toelectric  effect  in  a  CoFe204-BaTiC>3  composite 
(arbitrary  unit  measured  at  room  temperature). 
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Figure  6  A  1-3  composite  of  PZT  rods  and  polymer.  The  top  and  bottom  planes  are  rigid  electrodes 
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Figure  7  Volume  fraction  dependence  of  the  permittivity  e  and  the  piezoelectric  constants  d 33  and  £33  in  a 

1-3  PZT-polymer  composite. 
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Figure  8  Relative  permittivity  plotted  as  a  func¬ 
tion  of  volume  fraction  of  PZT  in  PZT  powder- 
polyurethane  rubber  composites.  Comparisons  were 
made  for  the  cube  model,  sphere  model,  parallel 
and  series  models. 
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Figure  9  Unit  cell  configuration  for  a  0-3  composite  according  to  Banno’s  modified  cubes  model. 
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Figure  12  Piezoceramic-polymer-carbon  black  composite  for  vibration  damping. 


20 


A  f/4 


References 


volume  percenlogeol  CB 


Figure  14  Damping  time  constant  vs.  volume 
percentage  of  carbon  black  in  the  PLZT-PVDF 
composite.  The  minimum  time  constant  (quickest 
damping)  is  obtained  at  the  percolation  threshold. 
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5.20.1  INTRODUCTION 

“Smart  materials”  (also  described  as  intelli¬ 
gent,  sense-able,  multifunctional,  or  adaptive 
materials)  can  be  thought  of  as  material  systems 
which  manifest  their  own  functions  intelligently 
depending  on  sensed  environmental  changes. 
They  are  modeled  on  biological  systems  with: 

(i)  sensors  acting  as  a  nervous  system  (right- 
hand  full  circle  in  Figure  1), 

(ii)  actuators  acting  like  muscles  (left-hand 
full  circle  in  Figure  I),  and 


(iii)  real-time  processors  acting  as  a  brain  to 
control  the  system  (lowest  full  circle  in  Figure 
1). 

The  different  classes  of  structures  relating  to  «oois 
the  technology  are  given  in  Figure  1.  Of  parti¬ 
cular  interest  are  the  following: 

(i)  Type  I:  passive  I  sensory  structures ,  which 
possess  a  structurally  integrated  microsensor 
system  for  determining  the  state  of  the  structure 
and  possibly  the  environment  in  which  it  is 
operating; 

(ii)  Type  II:  reactive  smart  structures ,  which 


1 


2 


Smart  Composite  Materials  Systems 


have  a  nervous  system  and  an  actuator  control 
loop  to  effect  a  change  in  some  aspects  (stiff¬ 
ness,  shape,  position,  orientation,  or  velocity); 
and 

(iii)  Type  III:  intelligent  structures,  which  are 
capable  of  adaptive  learning. 


matching. 

Metal-ceramic  composite  sensors  are  also 
used  by  incorporating  PZT  into  a  metal.  Tress- 
ler  and  Uchino  deal  with  these  in  Chapter  5.25, 
this  volume  and  also  with  the  general  charac¬ 
teristics  of  a  piezoelectric  sensor. 


ix0020  5.20.2  SENSOR  SYSTEMS 

It  is  possible  to  embed  sensors  into  composite 
components  during  manufacture  to  allow  inter¬ 
nal  interrogation  of  the  material.  Sensors  can 
be  based  on  acoustic  waveguide  wires,  piezo¬ 
electric,  or  optical  fibers.  Fiber-optic  based  sen¬ 
sors  offer  the  greatest  scope  at  present.  They  are 
compatible  with  the  fabrication  process  and  are 
capable  of  withstanding  strains  of  the  same 
magnitude  as  the  composite  itself.  The  dielec¬ 
tric  nature  of  the  material  is  maintained  while 
the  optical  fibers  provide  their  own  signal  paths 
for  sensing  the  interior  of  the  composite.  They 
offer  the  prospect  of  continuously  monitoring 
the  composite  structure  at  all  stages  of  its  life 
through  fabrication,  test  qualification,  and  ser- 
sxo<n5  vice.  The  successful  development  of  a  passive 

smart  structure  is  reliant  upon  devising  and 
adapting  appropriate  fiber-optic  sensors,  sen¬ 
sing  techniques,  and  multiplexing  techniques; 
and  upon  the  establishment  of  appropriate  fab¬ 
rication  schemes  to  include  the  embedded  sen¬ 
sors.  Fiber-optic  sensors  rely  on  the  interaction 
of  a  physical  parameter  in  the  vicinity  of  a  fiber 
to  produce  modulation  of  the  transmitted  sig¬ 
nal.  This  may  take  the  form  of  modulation  of 
either  amplitude,  phase,  polarization,  or  mode 
«oo3o  interactions.  Optical  fiber  sensors  can  be  de¬ 
signed  to  detect  a  whole  range  of  physical  para¬ 
meters  including  temperature,  strain,  pressure, 
electric  fields,  and  magnetic  fields.  Distributed 
and  quasidistributed  measurements  have  been 
demonstrated  using  optical  time  domain  reflec- 
tometry  (OTDR)  techniques  by  monitoring  re- 
v  fleeted  signals.  In  sensor  applications  the 

system  must  demodulate  the  fiber  sensor  signal 
and  relate  the  demodulated  output  to  the  phy¬ 
sical  parameters  under  investigation.  The  basic 
optical  sensor  types  for  use  in  composites  are 
v0i  Ed:  x-ref.  described  in  Chapter  5.28,  this  volume. 

°oo35  Piezoelectric  materials  may  also  be  used  as 

sensors.  Their  use  as  sensors  is  described  in 
voi  Ed:  x-ref.  Chapter  5.25,  this  volume,  paying  particular 
0K;  attention  to  sensors  which  are  themselves  com¬ 

posites,  consisting  of  a  piezoelectric  materials, 
often  a  ceramic,  c.g.,  lead  zirconate  titanate 
(PZT),  incorporated  into  say  a  rubber.  The 
composite  overcomes  the  difficulty  of  the  brit¬ 
tleness  of  the  ceramic.  The  lower  density  of  the 
rubber  also  improves  acoustic  impedance 


5.20.3  ACTUATION  MECHANISMS 

To  produce  controlled  or  reactive  smart 
structures,  actuators  are  necessary.  These  can 
be  either  retrofitted  onto  any  material  by  sur¬ 
face  bonding  or  embedded  within  a  composite 
material.  The  ideal  actuator  does  not  yet  exist. 
A  range  of  candidate  systems  is  being  studied, 
because  industrial  and  military  interest  in  reac¬ 
tive  smart  structures  is  high.  The  main  systems 
under  investigation  are  described  in  Article  Ref 
Chapters  5.XX-5.XX . 


5.20.3.1  Shape  Memory  Alloys 

Shape  memory  alloy  (SMA)  based  on  NiTi 
(53-57  wt.%  Ni),  Nitinol,  when  plastically  de¬ 
formed  in  the  low-temperature  martensitic 
phase,  can  be  restored  to  its  original  shape  or 
configuration  by  heating  above  a  characteristic 
temperature.  Plastic  strains  of  8%  can  be  com¬ 
pletely  recovered  by  heat  transformation  from 
the  deformed  martensitic  phase  to  the  austenitic 
phase.  However,  for  cyclic  applications  a  level 
of  <2%  is  recommended.  If  the  material  is 
restrained  from  regaining  its  memory  shape, 
high  stresses  of  up  to  700  MPa  can  be  induced. 
This  compares  with  a  yield  strength  of  the 
martensitic  phase  of  80  MPa.  On  transforma¬ 
tion  to  the  austenitic  form  the  Young’s  modu¬ 
lus  increases  by  a  factor  of  four  and  the  yield 
strength  by  a  factor  of  10.  SMAs  have  the 
ability  of  changing  material  properties  almost 
reversibly.  SMAs  used  as  embedded  actuators 
take  the  form  of  200-400  pm  plastically  elon¬ 
gated  wires  constrained  from  recovering  their 
normal  memorized  length  during  fabrication. 
The  plastically  deformed  fibers  become  an  in¬ 
tegrated  part  of  the  composite  material  struc¬ 
ture.  When  the  fibers  are  resistively  heated,  they 
are  restrained  from  recovering  to  their  memor¬ 
ized  length  by  the  composite  and  generate  a 
uniformly  distributed  shear  load  along  the  en¬ 
tire  length  of  the  fiber.  If  the  fibers  are  offset 
from  the  neutral  axis  the  structure  will  deform 
in  a  predictable  manner. 

Chapter  5.22,  this  volume  by  Roytburd, 
Slutsker,  and  Wuttig  deals  with  SMAs  and  (in 
analogy  with  piezoelectrics)  points  out  how  an 
SMA  composite  may  be  superior  to  a  mono- 


1x0040 


Vol  Ed:  x-ref. 
OK? 


sx0045 


???:  x-ref.  OK? 
QA1 


ix0050 


ix0055 


ix0060 

Vol  Ed:  x-ref. 
OK? 


Actuation  Mechanisms 


3 


Vol  Ed:  x 
OK? 


sx0065 


6  NyeJ.  K 


ix00?0 


\ 


T00I 


iithic  material  and  will  also,  in  this  case  intro¬ 
duce  new  effects. 

SMA  systems  have  been  used  to  control  vi¬ 
brations  in  large  flexible  composite  structures. 
An  alternative  method  of  use  is  to  place  the 
SMA  fibers  in  or  on  the  structure  in  such  a  way 
that  when  actuated  there  are  no  resulting  large 
deformations  but  instead  the  structure  is  placed 
in  a  residual  state  of  strain,  and  the  modal 
response  of  the  structure  is  changed.  Using 
such  techniques,  the  ability  to  change  the  effec¬ 
tive  stiffness,  natural  frequencies,  and  mode 
shapes  of  composite  plates  has  been  demon¬ 
strated.  SMAs  are  high-force,  high-stroke, 
low-frequency  actuators,  not  suitable  for 
damping  high-frequency  vibrations  since  cool¬ 
ing  is  governed  by  conduction  and  radiation 
-rer.  loss.  All  of  these  effects  are  dealt  with  in  Chap¬ 
ter  5.22,  this  volume. 


5.20.3.2  Piezoelectric  Actuators 

When  stress  is  applied  to  piezoelectric  mate¬ 
rials  they  develop  polarization  whose  magni¬ 
tude  is  proportional  to  the  applied  stress  (Nye, 
1985).  This  is  a  consequence  of  the  direct  piezo¬ 
electric  effect,  and  the  constant  of  proportion¬ 
ality  dyk  (a  third-rank  tensor)  defines  the 
piezoelectric  moduli.  When  an  electric  field  is 
applied,  the  dimensions  of  a  piezoelectric  ma¬ 
terial  change  slightly  as  a  result  of  the  converse 
piezoelectric  effect.  The  same  ^/-tensor  relates 
the  resultant  strain  to  the  electric  field.  Materi¬ 
als  in  film  form  can  be  bonded  externally  or 
embedded  internally  into  composite  structures 
to  act  as  actuators.  The  crystalline  subdomains 
in  the  films  are  first  aligned  (poled)  by  the 
application  of  a  large  coercive  field  of 
~  2  k  V  mm  ” 1  across  their  thickness.  This 
causes  the  piezoelectric  to  grow  in  the  field 
direction  and  shrink  laterally.  The  domains 
remain  stable  at  temperatures  less  than  the 
Curie  temperature.  Subsequent  application  of 
a  field  in  the  poling  direction  also  causes  growth 
in  that  direction  and  generates  longitudinal 
extension  and  transverse  contraction  strains. 
Application  of  reverse  field  causes  a  shrinkage 
in  thickness  until  a  negative  coercive  field  level 
is  reached,  after  which  the  poling  reverses  and 
the  thickness  expands  again.  Piezoelectrics  are 
available  in  polycrystalline  ceramic  or  polymer 
single  crystal  form,  and  the  properties  of  several 
systems  are  given  in  Table  1.  The  effectiveness 
of  the  piezoelectric  in  the  bending  of  a  substrate 
beam  is  given  by: 

Effectiveness  =  Emax  dl\  {6/[6  +  (£h/b/£cfc)]} 


where  Eb  and  Ec  are  the  elastic  moduli  of  the 
beam  and  the  piezoelectric  ceramic,  respec¬ 
tively,  and  /b  and  tc  are  the  respective  thick¬ 
nesses. 

The  effectiveness  data  in  Table  1  are  obtained 
assuming  tb/tc  =  10  and  Eb  =  70GPa.  If  the 
voltage  available  is  limited  then  the  effective¬ 
ness  per  field  becomes  important  and  ceramics 
are  much  more  efficient  than  polymers.  PZT 
piezoelectric  ceramics  are  solid  solutions  of  lead 
zirconate  and  lead  titanate  in  a  perovskite 
structure,  with  the  ratio  determining  the  phase 
transition  boundaries  and  resulting  properties. 
For  embedding  applications  the  actuator  thick¬ 
ness  must  either  be  less  than  the  ply  thickness  or 
plies  must  be  cut  to  accommodate  the  sensor; 
also  the  Curie  temperature  must  be  higher  than 
the  processing  temperature  of  the  composite.  It 
is  clear  that  ceramics  offer  a  wider  operating 
temperature  range  and  higher  effectiveness  per 
field  than  polymeric  poly(vinylidene  fluoride) 
(PVDF)-based  films.  The  piezoelectric  actua¬ 
tors  also  have  the  potential  to  act  as  dynamic 
strain  sensors  (as  we  have  noted)  since  a  dy¬ 
namic  load  applied  to  the  piezoelectric  results  in 
an  electric  charge  which  may  be  monitored. 
Hence,  if  the  voltages  generated  are  sufficiently 
high  to  be  monitored  and  if  the  loads  generated 
can  be  made  large  enough  to  cause  displace¬ 
ments,  piezoelectrics  may  act  as  both  actuator 
and  sensor. 

Piezoelectric  composites  are  described  in 
Chapter  5.19,  this  volume.  Here,  as  with  SMA 
the  use  of  a  composite  increases  the  range  of 
possible  property  combinations.  Optimizing  the 
properties  of  a  composite  specifically  for  trans¬ 
ducer  applications  is  dealt  with  by  Safari,  Jadi- 
dian,  and  Akdogan  in  Chapter  4.11,  this 
volume.  In  all  piezoelectric  composites  the  con¬ 
tinuity  throughout  the  piece  (?)  of  the  two 
phases  must  be  considered.  The  patterns  of 
connectivity  discovered  and  enunciated  by 
Newnham  (1986)  are  essential  to  understanding 
and  using  piezoelectric  composites.  All  three 
chapters,  5.XX,  5.XX,  and  5.XX  use  these  con¬ 
cepts. 


5.20.3.3  Eiectrostrictive  Materials 

One  disadvantage  of  piezoelectric  actuators 
is  that  the  material  response  is  both  nonlinear 
and  hysteretic,  particularly  at  high  a.c.  voltages 
where  eiectrostrictive  contributions  are  signifi¬ 
cant.  All  materials  are  eiectrostrictive  but  few 
have  a  large  coefficient.  The  eiectrostrictive 
properties  result  from  a  quadratic  dependence 
of  permittivity  with  electric  field,  in  contrast  to 
the  true  converse  piezoelectric  effect  caused  by 
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a  linear  dependence.  Pure  electrostrictive  mate¬ 
rials  typified  by  lead  magnesium  niobate 
(PMN)  show  no  piezoelectric  effect;  they  are 
«oo95  nonhysteretic  but  are  nonlinear.  The  perovskite 

type  crystal  expands  longitudinally  and  shrinks 
laterally  on  the  application  of  an  electric  field. 
The  strain  effect  is  quadratic  in  voltage  and 
decreases  with  temperature.  The  low  hysteresis 
makes  the  actuator  suitable  for  open-loop 
shape  control.  No  poling  is  necessary  but  for 
vibration  damping  a  bias  voltage  is  required. 
Little  work  is  available  in  the  open  literature  on 
the  use  of  electrostrictors  in  smart  composites. 


sxoioo  5.20.3.4  Magnetostrictive  Materials 

Recent  advances  in  the  production  of  Terfe- 
nol-D  magnetostrictive  alloys  of  terbium,  dys¬ 
prosium,  and  iron  Tbo^Dyo.yFe]^)  offer 
high-strain  (~0.1%)  and  high-energy-density 
(~20kJm“)  materials,  suitable  for  magnetic 
actuation  of  structures  (Hathaway  and  Clark, 
4  Hathawayic.  b.  1 993).  Work  relating  to  active  space  struts  using 
this  material  is  ongoing.  Composites  based  on 
???:  x-ref.  ok?  these  materials  are  described  in  Article  Ref 
Chapter  5.21,  this  volume. 


»oio5  5.20.3.5  Eiectrorheological  and 

Magnetorheological  Fluids 

Some  initial  proof-of-concept  work  has  been 
carried  out  to  demonstrate  that  dynamically 
tunable  smart  composites  can  be  produced 
using  electrorheologifcal  fluid-based  actuators 
s  w.  m.  win-  (Winslow,  1947,  1949;  Gandhi  and  Thomp- 
2  Gandhuw^ son,  1989).  These  fluids  undergo  significant 
instantaneous  reversible  changes  in  materials 
characteristics,  most  notably  in  their  bulk  visc¬ 
osity,  when  subjected  to  electrostatic  potentials. 
A  variety  of  eiectrorheological  (ER)  fluids  exist 
based  on  micrometer-sized  hydrophilic  parti- 
v  cles  suspended  in  a  suitable  hydrophobic  carrier 

liquid.  It  is  this  type  of  fluid  which  has  the  most 
potential  to  modify  the  damping  properties  of 
uoiio  composite  materials.  On  the  application  of  elec¬ 

tric  fields  across  the  thickness  of  an  ER  fluid 
layer,  the  rheological  characteristics  are  drama¬ 
tically  changed  and  the  inherent  molecular 
structure  of  the  ER  fluid  creates  solid-like  char¬ 
acteristics  as  the  particles  in  the  suspension 
orient  themselves  in  relatively  regular  chain¬ 
like  columns.  These  columnar  structures  in¬ 
crease  the  energy  dissipation  characteristics  of 
the  suspension  and  cause  a  redistribution  of 
mass  in  the  suspension.  On  removal  of  the 
electrostatic  field  the  particles  return  to  a  state 
of  random  orientation  with  fluid  viscosities. 


The  natural  frequencies  can  be  actively  changed 
throughout  the  frequency  spectrum  by  control¬ 
ling  the  voltage  imposed  on  the  fluid  domains 
and  in  this  way  resonances  can  be  avoided.  The  «ou5 
problems  with  this  technology  relate  to  the 
means  of  adequately  incorporating  and  confin¬ 
ing  the  ER  fluid  into  composites  and  being  able 
to  activate  the  fluid  with  high  voltages.  The 
fluid  adds  weight  and  does  not  enhance  the 
structural  performance  of  the  composite. 

Somewhat  similar  effects  are  obtained  by 
applying  magnetic  fields  to  magnetorheological 
fluids  (Rabinow,  1 948).  Eiectrorheological  and  i  R»binowi. 
magnetorheological  fluids  are  dealt  with  com¬ 
prehensively  in  Chapter  5.23,  this  volume  by  v0i  Ed:  x-ref. 
Jolly  and  Carlson.  Such  materials  are  by  defini-  0K? 
tion  two  phase  and  hence  are  composites. 

Relative  properties  of  a  variety  of  actuator 
materials  are  given  in  Table  2.  T002 


5.20.4  CONTROL  SYSTEMS  sx0120 

For  type  III  structures,  Figure  1,  containing 
both  embedded  sensors  and  actuators,  signals 
from  the  sensors  will  be  received  and  inter¬ 
preted  by  microprocessor-based  controllers 
which  will  communicate  with  and  trigger  the 
actuators  to  alter  the  material  response.  Parallel 
processing  using  neural  networks  is  receiving 
much  attention  for  use  in  real-time  controllers. 

The  concepts  are  inspired  by  biological  systems 
where  a  large  number  of  nerve  cells  that  indivi¬ 
dually  function  rather  slowly  and  imperfectly 
learn  collectively  to  perform  complex  tasks. 

.  Neural  networks  are  made  of  layers  of  rela-  « 0125 
tively  simple  nonlinear  elements  and  are  cap¬ 
able  of  adaptive  learning  and  rapid  processing 
and  decision  making.  If  and  when  sensors  are 
developed  to  give  strain  and  temperature  infor¬ 
mation  from  critical  areas  of  say  an  aircraft, 
then  if  the  structural  integrity  is  to  be  assessed, 
at  the  very  least  some  comparative  reference 
values  will  be  necessary.  Probably  the  best 
way  to  get  a  baseline  would  be  to  fly  the  aircraft 
and  learn.  Neural  networks  with  self-adaptive 
processing  are  potentially  well  suited  to  handle 
such  high  volumes  of  data  (Grossman  and 
Thursby,  1989).  Although  neural  network-  3  Gro»manB.  g. 
based  controllers  do  not  yet  exist  in  suitable 
forms  to  act  as  the  “brain”  in  a  fully  intelligent 
material,  it  is  an  area  where  rapid  advances  are 
expected. 
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and  actuators  will  only  gain  acceptance  if  the 
structural  integrity  of  the  composite  is  not 
significantly  reduced  by  the  presence  of  the 
inclusions,  which  are  presently  significantly  lar¬ 
ger  in  diameter  than  the  carbon,  aramid,  or 
glass-reinforcing  fibers  which  are  typically 
~8-l  Opm  in  diameter.  When  optical-fiber  sen¬ 
sors,  typically  100-300  pm  in  diameter,  are  em¬ 
bedded  in  composite  laminates  there  is  an 
inevitable  disruption  of  the  reinforcing  fibers 
in  the  vicinity  of  the  fiber  optic.  The  nature  of 
this  disruption  is  dependent  on  both  the  dia¬ 
meter  of  the  embedded  sensor  and  the  relative 
orientation  of  the  fiber  optic  with  respect  to 
sxot4o  neighboring  reinforcing  plies.  For  example, 
sensing  fibers  lying  parallel  to  the  local  reinfor¬ 
cement  cause  a  minimum  disruption  provided 
the  diameter  is  less  than  half  the  ply  thickness. 
Reinforcing  fibers  laying  orthogonally  to  the 
sensors  are  locally  deformed,  creating  a  resin- 
rich  region  around  the  sensor.  In  order  to  be 
acceptable  the  fiber  sensor  must: 

(i)  produce  a  minimum  perturbation  in  the 
distribution  of  reinforcing  fibers; 

(ii)  not  significantly  reduce  the  mechanical 
properties  of  the  composite; 

(iii)  not  suffer  from  excessive  attenuation  or 
damage  from  the  embedding  process,  such  that 
the  sensing  technique  cannot  be  applied;  and 

(iv)  include  a  suitable  means  to  input  and 
output  the  laser  light  into  the  system,  through 
pigtails  or  connectors.  Such  systems  must  be 
robust  and  compatible  with  the  fabrication  pro¬ 
cess. 

vot  Ed-  x  ref  These  e^ects  are  dealt  with  in  Chapter  5.30,  this 
ok?  ’  x  re  volume  by  Davidson  and  Roberts. 

Many  factors  remain  to  be  fully  investigated 
before  sensing  technology  can  be  applied  in  real 
structures  (e.g.,  naval,  aircraft,  or  space  struc¬ 
tures). 

(i)  Materials  considerations  include  how  the 
fiber  affects  the  composite  strength  character¬ 
istics,  and  whether  the  sensors  are  resistant  to 
the  composite  environment. 
v  (ii)  Fabrication  aspects  include  determining 
the  best  deposition  of  the  sensors  in  the  com¬ 
posite;  how  to  retain  accurate  positioning  dur¬ 
ing  manufacture;  how  to  monitor  and  automate 
the  fabrication  process  and  deal  with  connec¬ 


tion  problems;  and  how  to  make  cost-effective 
structures  and  make  repairs. 

(iii)  Sensing/multiplexing  techniques  include 
the  kind  of  sensor  to  use;  how  to  differentiate 
important  variables;  how  to  make  distributed 
measurements  to  the  required  resolutions;  and 
how  to  design  reliable  connect  schemes  and 
miniaturized  systems. 

(iv)  System  aspects  include  how  the  strain 
sensing  relates  to  scheduled  maintenance; 
which  necessary  developments  in  artificial  intel¬ 
ligence  techniques  are  required  to  interpret  the 
data;  and  how  redundancy  can  be  built  into  the 
system. 

Many  of  the  above  factors  are  equally  impor¬ 
tant  as  far  as  actuation  is  concerned.  The  actua¬ 
tor  developments  are  at  a  less  advanced  stage 
than  for  sensors.  Nonetheless  there  is  consider¬ 
able  success  being  achieved.  Furuya  in  Chapter 
5.29,  this  volume  deals  with  a  number  of  sug¬ 
gestions  for  actuator  integration  and  in  Chap¬ 
ter  5.38,  this  volume,  Baz  shows  how  active 
shape  control  may  be  realized  using  shape 
memory  and  electrical  effects. 
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Figure  1  Smart  materials  classification 
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Table  1  Comparison  of  piezoelectric  materials.. 


PZT 

PZT 

Material 

Cl  195  C1278 

PVDF 

Curie  temperature  (r,C) 

360 

190 

100 

Electric  field  Emax  (kVm~ 

')  600 

600 

40000 

^31  (pm  V”1) 

190 

250 

23 

Modulus  (GPa) 

63 

60 

2 

Effectiveness  ( x  10~6) 

40 

51 

16 

Effectiveness/field  (pmV“ 

')  67 

85 

0.39 

°  f/ji  2.5f/,3  (units:  mV”1  -  C  N”1). 
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Table  2  A  comparison  of  actuator  materials. 


PZTG1195 

PVDF 

PMN-BA 

Terfanol 

Nitinol 

Actuation  mechanism 

Piezoceramic 

Piezofilm 

Electrostrictor 

Magnetostrictor 

SMA 

Emax"  (M  strain) 

1300 

230  d.c. 
690  d.c. 

1300 

>2000 

80000  d.c. 

E  (GPa) 

63 

2 

121 

48 

30(m),  89(a)c 

7muxb  CQ 

360 

80-120 

>500 

380 

-50 

Linearity 

good 

good 

fair 

fair 

poor 

Hysteresis  (%) 

10 

>10 

<1 

2 

5 

Temperature  sensitivity  (%  °C“ !) 

0.05 

0.8 

0.9 

high 

Bandwidth 

high 

high 

high 

moderate 

low 

*  Maximum  strain  capability.  h  m  »  martensitic  phase,  a  -  austenitic  phase.  c  Maximum  operating  temperature. 
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Possible  piezoelectric  composites  based  on  the  flexoelectric  effect 
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Abstract 

Current  piezoelectric  composite  materials  contain  wo  or  mcr*  pnases  out  ^ectorim  oi  dieTnear  stress-polanzatioo 
oropernes  in  itself.  We  show  that  this  is  »  tact  not  a  nece^  ^Sn^Ses  of  one  or  more  constttuents.  Proper 
response  averaged  over  a  composite  sample  can  be  also  ba^.d  whJie  acqulres  a  symmetry  allowing  for  nonzero 

shaping  of  me  composite  constituent  is  required,  suen  -■  V,oeiecmc.  Externals  applied  stress  is  transformed,  due  ro 
oiezoeiecric  coefficients  even  if  none  ot  the  componen  s  -» .  --  mm  a  stronriv  nonhomoceneous  distribution  of  induced 

strain.  Fiexoelectnc  properties  wm “  ^  b_  V  cate8orv  of  composites  with  product  properties  since  u 

poiarizauon.  The  proposed  piezoeie.tnc  composite  *  ml  ^  d'ieiectric)  and  the  interaction  between  the  pnases. 

involves  different  assets  of  the  pnases  (elastic,  fl  .  1999  Elsevier  Science  B.V.  All  rights  reserved, 

determimng  the  inhomogeneous  distribution  or  stress,  is  e^emui.  C  1999  clsevter 

PACS:  “.34.  -  s:  77.90  -  k 


Keywords:  Piezoelectric  ir.aicr.ais:  Composites:  Fiexoelectnc  erte-. 


1.  Introduction 

Composites  are  multiple-phase  solids  which  com¬ 
bine  materials  of  different  chemical  composition  and 
macroscopic  properties  with  the  aim  to  produce  sam¬ 
ples  with  the  desired  average  response.  Figures  01 
merit  of  the  final  composite  can  be  tuned  by  choos- 
in2  component  phases  with  the  right  properties  and 
coupling  them  in  an  optimum  manner.  Newnham  et 
ai.  [1]  offered  a  classification  of  composites  based  on 

’  Corresponding  author.  Tel.:  *1-814-865-1181:  Fax.  —  l-S  1 
363  7846 
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three  criteria.  The  most  important  aspects  are  the 
macroscopic  properties  of  the  constituents,  e.g..  their 
response  to  electric,  magnetic  and  elastic  fields.  This 
determines  the  final  assets  of  the  composite.  The 
second,  connectivity,  indicates  the  way  in  which 
each  phase  connects  to  itself.  It  is  essential  for  the 
masnitude  and  symmetry  of  the  composite  s  re¬ 
sponse.  The  third  is  scale,  which  determines  the 
response  of  the  composite  when  wavelengths  of 
propasating  waves  become  comparable  with  the 
characteristic  dimensions  of  any  of  the  constituents. 

Manv  composites  have  been  considered  in  con¬ 
nection' with  their  piezoelecmc  properties  [1.2J.  To 
discuss  or  model  the  piezoelecmc  response  of  a 
composite,  it  was  generally  assumed  that  at  least  one 
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or  the  components  was  piezoelectric.  In  this  paper 
we  reconsider  this  assumpnon. 


2.  Discussion 

For  a  system  to  be  piezoelectric,  it  has  to  fulfill 
certain  symmetry  criteria.  If  it  has  a  crystalline  struc¬ 
ture.  the  material  must,  by  symmetry,  belong  to  one 
of  20  crystal  classes.  The  remaining  12  classes  do 
not  show  piezoelectric  properties;  these^are  the  11 
centrosymmetric  classes  and  the  class  432  in  which 
piezoelectricity  is  forbidden  by  the  combined  sym¬ 
metry  elements. 

In  Nve's  widely  used  overview  of  the  equilibrium 
properties  of  the  32  crystal  classes  [3],  the  properties 
of  on  isotropic  medium  are  also  included.  The  svm- 
metrv  of  an  isotropic  medium  is  primarily  character¬ 
ized  by  the  presence  of  arbitraniy  oriented  symmetry 
axes  of  infinite  order.  Depending  on  whether  its 
svmmetry  elements  do  or  do  not  include  arbitrarily 
oriented  mirror  planes,  the  isotropic  medium  repre¬ 
sents  one  of  the  Cune  symmetry  groups  (limiting 
mouos).  namely,  x/m  or  respectively.  In 
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In  ai  croups  the  *  xxis  is  taken  os  x:.t  the  axes  .r.,  xz  are 
perpendicular  to  .r,  and  to  each  other,  otherwise  their  orientation 

is  arbitrary. 


r;.^.  1.  Charactenstic  forms  representing  symmetry  of  the  Curie 
croups  which  allow  for  piezoeiectncir-  .-!• 


both  these  groups  no  nonzero  piezoelectric  coeffi¬ 
cients  are  possible. 

In  addition  to  these  two  groups,  however,  we  may 
consider  systems  representing  the  remaining  Curie 
groups,  namely  ■», 30 / m.  x/mm-  Out  of 

these.  ~/m  and  »/mm  do  not  allow  for  the  exis¬ 
tence  of  nonzero  components  of  a  third- rank  polar 
tensor  or  symmetry  V  [V*].  i.e..  of  the  piezo¬ 
electric  tensor. "in  the  remaining  groups  nonzero 
components  are  possible,  as  shown  in  Table  l.  It  is 
•useful  to  illustrate  symmetry  properties  of  these  point 
zroups  by  characteristic  forms  L-K  these  are  shown 
:n  Fie.  "l.  We  realize  that  systems  revealing  the 
symmetr.es  -  or  *2  can  exist  in  ~vo  forms,  left-  and 
right-handed. 

*  Thus,  for  instance,  a  composite  with  connectivity 
0-3.  in  which  the  phase  'O'  is  represented  by  cone- 
shaped  panicles  whose  --axes  are  parallel  to  each 
other  but  which  are  randomly  distributed  in  the 
-base  '3'.  has  the  symmetry  -m.  Next  we  can 
imagine  that  the  cones  are  subject  to  helical  deforma¬ 
tions  so  that  spiral-shaped  pamcies  result.  This  low¬ 
ers  the  symmetry  to  *.  The  system  can  exist  in  two 
forms,  right-  or  left-handed.  The  third  piezoelectric 
Curie  group  can  be  visualized  starting  again  with  a 
composite  of  connectivity  0-3  in  which  the  phase 
•q*  is  represented  by  cylinders:  its  symmetry  is 
nonpiezoelectric  mm.  If  now  all  cylinders  are 
subject  to  a  helical  deformation,  the  symmetry  is 
reduced  to  ^2.  which  again  can  exist  in  two  forms 
differing  in  handedness.  Fig.  2  snows  such  compos¬ 
ites  schematically.  These  panicuiar  models  are  based 
on  the  0-3  connectivity  but  similar  considerations 
can  be  made  for  other  connectivities  as  well. 

It  thus  appears  easily  possible  to  manufacture 
composites  whose  symmetry  properties  allow  tor  the 
existence  of  piezoelectric  tensor  although  they  con¬ 
sist  of  components  which  by  themselves  need  not  be 
made  of  piezoelectric  materials. 
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Fig.  2.  Simple  models  of  0-3  composites  allowing  for  piezoelec¬ 
tricity.  There  is  an  infinite  number  of  shapes  of  the  0-constituent 
rpnr  could  be  tested  for  a  maximum  response  of  flexoelecnic 
polarization. 


A  long  time  ago,  Shubnikov  et  aL  introduced  the 
concept  of  piezoelectric  texmres:  see  Ref.  [5]  and 
the  first  chapter  of  Ref.  [6].  This  notion  denotes 
systems  composed  of  crystallites  which  show  piezo¬ 
electric  properties,  some  crystal  axes  of  which  are 
chaotically  oriented  in  a  given  way,  leading  to  spe¬ 
cific  averaging  of  properties  characterizing  the 
piezoelectric  effect.  In  the  subsequent  parts  of  Ref. 
[6],  two  specific  kinds  of  materials  are  discussed  as 
examples.  Plate-like  samples  containing  crystallites 
of  Rochelle  salt  separated  by  amorphous  layers 
(chapter  2  by  Konstantinova  and  SiTvestrova)  could 
indeed  be  considered  a  0—3  composite.  Polarized 
ceramic  samples  of  barium  ritanate  (chapter  3  by 
Zheiudev),  on  the  other  hand,  whose  symmetry  is 
=m.  represent  a  piezoelectric  texture  by  Shubnikov' s 
definition  but  could  only  be  included  into  the  family 
of  composites  if  the  grain  boundaries  had  an  appre¬ 
ciable  volume. 

In  both  these  cases  basic  components  are  piezo¬ 
electric  by  themselves  (point  symmetries  2  for 
Rochelle  salt  and  4mm  for  BaTiO-).  On  the  other 
hand  in  the  general  symmetry  approach  this  is  not  a 
specific  requirement.  As  shown  above,  the  possibil¬ 
ity  of  a  piezoelectric  response  in  a  0-3  composite  is 
assured  from  the  point  of  view  of  symmetry,  already 
by  shaping  the  particles  of  zero  connectivity.  We 
thus  have  to  look  for  alternative  mechanisms  which 
would  lead  to  formation  of  an  average  polarization 
proportional  to  an  applied  stress  for  a  0-3  composite 
made  of  nonpiezoelectric  materials,  with  properly 
shaped  panicles. 

For  several  decades,  the  effect  of  inducing  polar¬ 
ization  by  imposing  spatially  nonuniform  strain  was 
repeatedly  discussed  in  the  literature.  Originally  dis¬ 
covered  experimentally  in  centrosymmetric  (and 
therefore  nonpiezoelectric)  liquid  crystals,  it  was 


termed  the  flexoelecnic  effect  and  described  by  the 
equation 


Pi  -  &jki 


d.r* 


(1) 


from  which  it  is  obvious  that  the  tensor  p  has  the 
general  symmetry  [  V 2]  V 2,  i.eM  p.;jkl  =  is  the 
only  requirement  imposed  by  symmetry.  A  tensor  of 
this  symmetry  has  nonzero  components  in  all  crystal 
classes  The  first  attempt  to  observe  the  flexoeiectric 
effect  in  a  solid  crystal  of  point  symmetry  4/m, 
namely  CaWOa  was  made  by  Zheiudev  et  al.  [7].  As 
shown  by  Tagantsev  [8],  the  static  effect  includes  a 
bulk  and  a  surface  contribution.  The  bulk  part  is  due 
to  the  fact  that  the  crystal  lattice  which  has  been 
nonhomogeneousiy  deformed  in  accordance  with  the 
laws  of  the  theory  of  elasticity  is  not  in  equilibrium 
from  the  point  of  view  of  displacements  in  the  unit 
ceil.  Tne  displacements  that  are  necessary  to  reach 
true  eauilibrium  give  rise  to  a  dipole  moment  of  the 
cell.  i.e..  to  polarization.  In  addition,  the  deformation 
of  the  surface  of  a  finite  sample,  whose  electrical 
neutrality  in  the  original  state  was  achieved  by  com¬ 
pensating  free  charges,  leads  to  a  surface  contribu¬ 
tion  which  can  be  expected  to  be  of  the  same  order 
of  magnitude  as  the  bulk  pan  of  the  effect.  The 
simplest  estimates  [8]  for  a  common  insulator  indi¬ 
cate  that  both  contributions  to  the  value  of  p  are  of 
the  order  of  the  ratio  of  the  electron  charge  to  the 
lattice  constant. 

We  now  have  in  mind  a  0-3  composite  made  of 
nonpiezoelectric  constituents,  in  which  the  G-eie- 
ments  are  shaped  and  oriented  in  such  a  way  that  the 
overall  symmetry  is  one  of  the  Curie  groups  »,  »m 
and  3=2.  As  an  example,  consider  a  plate-like  sample 
of  composite  of  symmetry  in  which  the  orienta¬ 
tion  of  the  0-constituents  is  such  that  the  »  axis  is 
perpendicular  to  the  major  plane.  Since  the  tensor 
fL;jkl  has  nonzero  components  even  for  continuous 
groups  3=  and  sooom  [4],  one  can  imagine  that  both 
the  O-component  and  3-coraponents  are  made  of 
isotropic  materials.  Their  shaping  is  such  that  when  a 
load  cr33aot)1  is  applied,  the  spatial  distribution  of 
stress  will  be  nonhomogeneous.  leading  to  gradients 
of  strain  in  both  constituents.  To  be  concrete,  we  can 
imagine  that  a  plate-like  sample  of  thickness  d  is 
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divided  into  a  regular  system  of  cubes  ofUnearstze 
cL  each  cube  containing  one  particle  or  the  compo¬ 
nent  with  zero  connectivity  and  only  this  componen 
is  assumed  to  have  nonzero  flexoelectnc  properties. 
The  dipole  moment  of  each  O-particle  within  one 
cube  will  be  given  by 

(2) 

_  /  ,,  .  ~  —  or  v  ' 

Plflex  ' 


r  dr 

■  f  .  Plijk - * 

hdi) 


where  the  strain  gradient  will  be  determmed  by  a 
factor  atJk  which  reflects  the  shape  or  the  compo¬ 
nents  0  of  the  composite  and  depends  on  elastic 
compliances  of  both  constituents: 

(3> 

The  induced  charge  density  on  the  electrode  of  the 
plate  will  be 

Plflex  (4) 


SO  that  the  effective  polarization  of  the  sample  P3 
Q  will  be  given  by 


P x  ^33fl«  °33appl’ 


(5) 


dents  of  its  constituent  phases)  and  product  proper¬ 
ties  In  the  latter  case  the  composite  property  coeffl- 
dent  involves  different  properties  of  the  consntuent 
ohases  with  interactions  between  diem.  It  appears 
that  piezoelectric  composites  based  onflexoelecmc- 
ity  fall  into  this  last  category  and  the  effect  might  be 
referred  to  as  a  ‘shape-controlled  product  property  ; 
indeed  the  combined  effect  involves  different  proper¬ 
ties  of  the  constituent  phases  (elastic,  flexoelectnc 
and  dielectric)  and  the  interaction  between  the  phases 
is  essential:  here  it  is  the  nonhomogeneous  distribu¬ 
tion  of  stress  which  depends  primarily  on  the  shapes 
of  constituents  and  on  their  elasnc  tensors.  The 
following  sequence  of  phenomena  descriDes  e 
combined  effect;  homogeneous  applied  stress  - 
inhomogeneous  stress  in  the  (Constituents-* 
polarization  in  the  O-conshments  due  to  flexoelectnc 
effect  —  nonhomogeneous  distribution  of  polariza¬ 
tion  in  the  sample  depending  also  on  spatial  distribu¬ 
tion  of  permittivity  -  nonhomogeneous  surface 
bound  charge  —  averaged  surface  bound  charge  den¬ 
sity  defining  effective  polarizarion.  Considering  a 
stress  <t..  applied  perpendicularly  to  a  plate-like 
composite  sample,  we  have  the  sequence 


— «■  sradoy 


.sample 


(r)  —  P(p)  -<7(.t.y)s„rf 


where 


-3fl  dg  hd$ 


(6) 


A  oiezoelectric  composite  based  on  flexoelecmcity 
will  be  useful  if  a  reasonably  high  value  of 
Sd  be  reached,  e.g..  100  pC/N.  It  follows-  hum 
the  preceding  formulae  that  the  latter  can  be  influ¬ 
enced  bv  a  proper  tuning  of  several  independen 
factors:  Electing  materials  with  high  values  of  those  _ 

components  of  which  m  '***"*  m  a  P^' 
lar  geometry  of  the  constiments.  choosing  a  high 

density  of  the  constiments  0.  but  also  by  actueV1^ 
large  factors  aijk  which  depend  on  the  shape  of  the 
(Components  and  on  the  elastic  tensors  of  both  0 

Newnham  [2]  classified  properties  of  composite 
materials  into  three  groups:  sum  properties  (the  com¬ 
posite  property  coefficient  depends  on  ^  corre¬ 
sponding  coefficients  of  its  consntuent  phases),  com¬ 
bination  properties  (the  composite  property  coeffi¬ 
cient  depends  on  two  or  more  corresponding  coeffi- 


— *  ?sun  C-  ^c.surf  ®  ®::.3ppl  " 

At  tbis  stage  very  few  data  on  the  tensor  tiijkl  in 
solids  seem  to'  be  available.  A  fairly  strong  flexoelec- 
tric  response  was  reported  for  crystals  or  Cd.WO* 
[?].  Marvan  and  Havranek  [9]  studied  the  flexoelec- 
trie  effect  in  elastomers  of  isotropic  symmetry.  Sam¬ 
ples  in  the  form  of  truncated  pyramids  were  de¬ 
formed  by  axial  pressure  along  the  axis  3.  Then  for 
constant  volume  of  the  sample  the  only  active  coeffi¬ 
cient  is  pt-3333  which  was  estimated  to  be  of  the  order 
10” 11  to  10-10  C/m.  Experiments  with  0-3  com¬ 
posites  in  which  the  0-constituent  or  both  compo¬ 
nents  of  the  composite  would  be  a  polymer  might  be 
worthwhile. 

We  may  also  note  that  such  composite  samples 
might  be  interesting  to  investigate  in  which  one  of 
the  constituents  is  piezoelectric:  due  :o  flexoelecrric- 
ity,  its  induced  dipole  moment  could  be  considerably 
enhanced  by  proper  shaping  to  optimize  the  nonfao- 
mogeneous  distribution  of  strain. 


291 


J.  Fousek  et  ai /Materials  Letters  39  (1999)  287-291 


Acknowledgements 

J.  Fousek:  This  work  was  supported  in  pan 
through  grants  VS  96006  and  202/96/0722  of  the 
Ministry  of  Education  and  of  the  Grant  Agency  of 
the  Czech  Republic,  respecuvely.  D.B.  Litvin:  This 
work  was  supported  in  part  by  the  National  Science 
Foundation  through  grant  No.  DMR-9722799. 


References 

[1]  R  F-  Newnhaxn,  D.P.  Skinner.  LE.  Cross,  Mater.  Res.  Bull- 
13  (1978)  525. 

[2]  RJE.  Newnbam,  Jpn.  J.  Appl.  Phys.  25  (1986)  9.  Suppl.  25-1. 


[3]  IF.  Nye,  Physical  Properties  of  Crystals.  Clarendon  Press, 
Oxford.  1993. 

[4]  YuX  Sironn.  M.P.  Shaskolskaya.  Fundamentals  of  Crystal 
Physics.  Mir  Publishers,  Moscow,  1981 

[5]  A.V.  Shubnikov,  Piezoelectric  Textures  (in  Russian),  Publish¬ 
ing  House  of  the  Academy  of  Sciences  of  USSR,  Moscow- 
Leningrad,  1946. 

[6]  A.V.  Shubnikov,  I.S.  Zheludev,  VJ».  Konstantinova.  LM. 
SQ’vestrova.  Investigation  of  Piezoelectric  Textures  (in  Rus¬ 
sian).  Publishing  House  of  the  Academy  of  Sciences  of  USSR. 
Moscow— Leningrad,  1955. 

[7]  LS.  Zheiuriev,  Yu.S.  Likhacheva,  NA.  Lileeva,  Sov.  Phys. 
Crystallogr.  14  (1969)  425. 

[g]  aJC  Tagantsev,  Sov.  Phys.  JET?  61  (1985)  1246. 

[9]  M.  Marvan.  A.  Havranek,  Progr.  Colloid  Polym.  Sci.  78 
(1988)  33. 


MATERIALS  STUDIES 

Polycrystal  Perovskite  Ceramics 


APPENDIX  7 


APPLIED  PHYSICS  LETTERS 


VOLUME  74.  NUMBER  14 


5  APRIL  1999 
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A  previously  unreported  ferroelectric  phase  has  been  discovered  in  a  highly  homogeneous  sample 
of  PbZr052Ti048O3  by  high-resolution  synchrotron  x-ray  powder  diffraction  measurements.  At 
ambient  temperature  the  sample  has  tetragonal  symmetry  (a;  =  4.037A,  c/  =  4.138A),  and 
transforms  below  -250  K  into  a  phase  which,  unexpectedly,  has  monoclinic  symmetry  (am 
=  5.717  A,  6m  =  5.703  A,  cm  =  4.143  A,  /?=90.53°,  at  20  K).  The  intensity  data  strongly  indicate 
that  the  polar  axis  lies  in  the  monoclinic  ac  plane  close  to  the  pseudocubic  [111]  direction,  which 
would  be  an  example  of  the  species  m3m(  12)A2Fm  predicted  on  symmetry  grounds  by  Shuvalov. 

©  1999  American  Institute  of  Physics.  [S0003-695 1(99)007 14-7] 


The  solid  solution  system  Pb(Zrj_rTu)03  (PZT)  has  a 
complex  phase  diagram  containing  a  number  of  materials 
which  exhibit  useful  ferroelectric  and  piezoelectric  proper¬ 
ties.  In  particular,  compositions  near  the  morphotropic  phase 
boundary  (MPB)  around  x^0.45-0.5  have  attracted  consid¬ 
erable  interest  for  many  years  due  to  their  high  piezoelectric 
response.  The  PZT  phase  diagram  as  now  accepted,  was  de¬ 
termined  by  Jaffe  et  aO  (Fig.  1),  and  nearly  four  decades  of 
study  on  the  physical  and  structural  properties  of  PZT  have 
made  possible  the  development  of  a  phenomenological 
theory  to  explain  the  stability  of  the  phases  and  the  proper¬ 
ties  of  PZT  over  the  entire  range  of  the  phase  diagram.2 
Nevertheless,  many  questions  still  remain.  It  is  generally  ac¬ 
cepted  that  for  ferroelectric  compositions  with  rhombohedral 
and  tetragonal  symmetry  on  the  two  sides  of  the  MPB  the 
polar  axis  are  [111]  and  [001],  respectively.  However,  very 
recently,  based  on  neutron  powder  diffraction  data  for  sev¬ 
eral  ferroelectric  rhombohedral  compositions  in  the  range  of 
x~ 0.1 2- 0.40.  Corker  et  air  have  proposed  a  model  in 
which  random  (100)  Pb  displacements  are  superimposed  on 
those  along  the  [111]  polar  axis,  which  allows  a  much  better 
structure  refinement  than  achieved  with  a  normal  long-range 
order  model  incorporating  anisotropic  temperature  factors. 

The  MPB  which  separates  rhombohedral  Zr-rich  from 
tetragonal  Ti-rich  PZT  is  nearly  vertical  along  the  tempera¬ 
ture  scale,  and  many  x-ray  diffraction  studies  have  been  re¬ 
ported  over  this  region.4-9  This  boundary  is  not  well  defined 
since  it  appears  to  be  associated  with  a  phase  coexistence 
region  whose  width  depends  on  the  compositional  homoge¬ 
neity  and  on  the  sample  processing  conditions.7-10  Cao  and 
Cross11  have  modeled  the  width  of  this  region  based  on  the 
free  energy  differences  between  the  tetragonal  and  rhombo¬ 
hedral  phases,  obtaining  an  inverse  dependence  with  particle 
size  in  a  polycrystalline  sample. 
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In  the  present  work  we  have  utilized  high-resolution  syn¬ 
chrotron  x-ray  powder  techniques  to  study  the  structure  of  a 
composition  close  to  the  MPB  (x  =  0.48)  as  a  function  of 
temperature,  and  we  report  the  observation  of  a  low  tempera¬ 
ture  monoclinic  phase  in  the  PZT  system. 

A  PZT  composition  with  x  =  0.48  was  prepared  by  con¬ 
ventional  solid-state  reaction  techniques  using  appropriate 
amounts  of  reagent-grade  powders  of  lead  carbonate,  zirco¬ 
nium  oxide,  and  titanium  oxide,  with  chemical  purities  better 
than  99%.  Pellets  were  pressed  and  heated  to  1250  °C  at  a 
ramp  rate  of  10  °C/min,  and  held  at  this  temperature  for  2  h. 
During  sintering,  PbZr03  was  used  as  a  lead  source  in  the 
crucible  to  minimize  volatilization  of  lead.  The  product  was 
found  to  be  a  single  phase  within  a  detection  limit  of  <2% 
by  conventional  x-ray  techniques. 

High-resolution  synchrotron  x-ray  powder  diffraction 
measurements  were  made  at  beam  line  XI A  at  the 
Brookhaven  National  Synchrotron  Light  Source.  An  incident 
beam  of  wavelength  0.6896  A  from  a  Ge(l  1 1)  double-crystal 
monochromator  was  used  in  combination  with  a  Ge(220) 
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FIG.  2.  Evolution  of  the  pseudocubic  reflections  (111)  and  (220)  for  .t 
=  0.48  from  7=736  (a.)  to  20  K  (e). 

crystal  and  scintillation  detector  in  the  diffraction  path.  The 
resulting  instrumental  resolution  is  about  0.01°  on  the  20 
scale,  an  order-of-magnitude  better  than  that  of  a  laboratory 
instrument.  For  measurements  above  room  temperature,  the 
pellet  was  mounted  on  a  BN  sample  pedestal  inside  a  wire- 
wound  BN  tube  furnace.  The  furnace  temperature  scale  was 
calibrated  with  a  sample  of  CaF:.  The  accuracy  of  the  tem¬ 
perature  was  estimated  to  be  within  10  K,  and  the  tempera¬ 
ture  stability  was  -2  K.  For  measurements  below  room  tem¬ 
perature.  the  pellet  was  mounted  on  a  Cu  sample  holder  and 
loaded  in  a  closed-cycle  He  cryostat,  with  an  estimated  tem¬ 
perature  accuracy  of  1  K  and  stability  of  0.1  K.  Coupled 
S-26  scans  were  performed  over  selected  angular  regions 
with  a  20  step  interval  of  0.005°  or  0.01°  depending  on  the 
peak  widths.  The  sample  was  rocked  l°-2°  during  data  col¬ 
lection  to  improve  powder  averaging.  The  diffracted  intensi¬ 
ties  were  normalized  with  respect  to  the  incident  beam  moni¬ 
tor. 

The  evolution  of  the  (1 1 1)  and  (220)  reflections  is  shown 
as  a  function  of  temperature  in  Fig.  2.  At  the  highest  tem¬ 
perature  reached  (736  K),  the  material  is  cubic  and  the  sharp¬ 
ness  of  the  peaks  [full-width  at  half-maximum  (FWHM) 
—0.02°]  demonstrates  the  excellent  quality  of  the  sample 
[Fig.  2(a)].  From  a  Williamson-Hall  plot,12  we  estimate  a 
particle  size  of  —0.7  /zm  and  a  A  did  of  about  3X  10  , 

corresponding  to  a  compositional  inhomogeneity.  Ax,  better 
than  =0 .5%. 

On  cooling,  the  symmetry  changes  to  tetragonal  at  -660 
K  and  remains  tetragonal  down  to  300  K.  There  is  no  sign  of 
any  rhombohedral  component  as  shown  by  the  absence  of  a 
Bragg  peak  at  the  rhombohedral  (200)  position.  However, 
some  of  the  tetragonal  peaks  broaden  as  the  temperature  is 
lowered,  especially  the  (111)  and  (202)  reflections  [Fig. 
2(b)].  Below  room  temperature  these  reflections  become  dis- 
tinctlv  asvmmetric.  and  at  210  K  the  latter  is  clearly  split  into 


FIG.  3.  Tetragonal  and  monoclinic  unit  cell  representations. 


two  roughly  equal  peaks,  while  the  (111)  peak  has  a  low 
angle  shoulder  [Fig.  2(c)].  As  the  temperature  is  lowered 
further  the  splitting  increases  [Fig.  2(d)]  until  at  20  K  the 
(202)  is  well  resolved  into  two  peaks,  and  the  (1 1 1)  is  seen  to 
consist  of  a  central  stronger  peak  with  weaker  shoulders  on 
both  low-and-high-angle  sides  [Fig.  2(e)].  The  positions  and 
intensity  ratios  of  the  peaks  are  very  well  described  by  a 
monoclinic  cell  in  which  am  and  bm  lie  along  the  tetragonal 
[U0]  and  [lTO]  directions  (am**bm~at, 2),  and  cm  is 
close  to  the  [001]  axis  as  illustrated  in  Fig.  3.  The 

monoclinic  cell  has  bm  as  the  unique  axis,  and  the  angle 
between  am  and  cm  is  —90.5°  at  20  K. 

The  lattice  parameters  are  plotted  in  Fig.  4  over  the  en¬ 
tire  temperature  range.  At  the  low-temperature  phase  transi¬ 
tion,  am  is  slightly  elongated  with  respect  to  tetragonal  an  2, 
whereas  bm^an 2  continues  to  decrease  as  the  temperature 
is  lowered,  and  cm~c:  appears  to  reach  a  broad  maximum 
around  the  transition. 

A  direct  phase  transition  from  a  tetragonal  to  monoclinic 
phase  is  rather  uncommon,  and  the  existence  of  the  latter  is 
likely  to  be  a  direct  consequence  of  the  proximity  of  the 
MPB.  Consequently,  one  might  expect  the  monoclinic  phase 
to  exist  over  a  relatively  narrow  composition  region.  How¬ 
ever,  because  of  the  asymmetrical  peak  broadening,  which 


FIG.  4.  Lattice  parameters  of  PZT  with  a  composition  .v  =  0.48  as  a  function 
of  temperature. 
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occurs  between  300  and  210  K,  we  cannot  altogether  rule  out 
the  possibility  of  an  orthorrombic  phase  in  this  region,  al¬ 
though  we  feel  this  is  unlikely. 

In  the  tetragonal  region  of  PZT  the  space  group  is 
P4mm,  with  the  polar  axis  along  [001],  while  in  the  rhom- 
bohedral  region,  with  space  group  R3my  the  polar  axis  is 
along  the  pseudocubic  [111].  The  most  plausible  space  group 
for  the  new  monoclinic  phase  is  Cm,  which  is  a  subgroup  of 
P4mm  and  R3m  and  allows  the  polar  axis  to  lie  anywhere 
between  the  [001]  and  the  [111]  axes.  A  preliminary  check 
of  the  peak  intensities  indicates  that  the  cation  displacements 
lie  close  to  the  monoclinic  [201]  direction,  i.e.,  close  to  the 
rhombohedral  [111]  axis.  If  this  is  the  case,  monoclinic  PZT 
would  be  the  first  example  of  the  ferroelectric  species  with 
P2x  =  Pl±P:tPl,pj,P2z± 0,  m3m(12)A2Fm  predicted  from 
symmetry  by  Shuvalov.13  A  more  detailed  investigation  of 
the  structure  is  currently  in  progress,  and  the  extent  of  the 
monoclinic  region  will  be  investigated  with  additional 
samples  containing  slightly  different  amounts  of  Ti. 
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A  summary  of  the  work  recently  carried  out  on  the  morphocropic  phase  boundary  (MPB)  of  PZT 
is  presented.  By  means  of  x-ray  powder  diffraction  on  ceramic  samples  of  excellent  quality,  the 
MPB  has  been  successfully  characterized  by  changing  temperature  in  a  series  of  closely  spaced 
compositions.  As  a  result,  an  unexpected  monoclinic  phase  has  been  found  to  exist  in  between  the 
well-known  tetragonal  and  rhombohedral  PZT  phases.  A  detailed  structural  analysis,  together  with 
the  investigation  of  the  field  effect  in  this  region  of  compositions,  have  led  to  an  important  advance 
in  understanding  the  mechanisms  responsible  for  the  physical  properties  of  PZT  as  well  as  other 
piezoelectric  materials  with  similar  morphocropic  phase  boundaries. 


INTRODUCTION 

*The  morphotropic  phase  boundary  (MPB)  of 
PbZr1--TirC)3  (PZT)  has  been  finally  characterized  on 
extremely  homogeneous  ceramic  samples  by  high  resolu¬ 
tion  x-ray  measurements.  The  boundary  has  been  found 
to  define  the  limit  between  the  tetragonal  phase  and  a 
new  PZT  phase  with  monoclinic  symmetry.  The  recent 
work  on  this  finding  is  reviewed  [1.2. 3, 4], 

The  remarkable  physical  properties  of  the  ferroelectric 
system  PbZr:  _rTirC>3  (PZT)  for  compositions  close  to 
x=  0.47  have  been  known  for  many  years.  In  particular, 
its  high  piezoelectric  response  has  made  PZT  one  of  the 
most  widely  used  materials  for  electromechanical  appli¬ 
cations.  PZT  was  first  studied  five  decades  ago  [5.6]  and 
the  main  structural  characteristics  of  the  system  were 
investigated  at  that  time.  At  high  temperatures  PZT 
is  cubic  with  the  perovskite  structure.  When  lowering 
the  temperature  the  material  becomes  ferroelectric,  with 
the  symmetry  of  the  ferroelectric  phase  being  tetragonal 
(Fr)  for  Ti-rich  compositions  and  rhombohedral  (F/*)  for 
Zr-rich  compositions.  Subsequent  studies  led  to  the  gen¬ 
erally  accepted  phase  diagram  after  Jaffe  et  al.  [7],  which 
covers  temperatures  above  300  K.  Jaffe ‘s  phase  diagram 
is  represented  by  open  circles  in  Fig.  1  for  0.33<x  <0.63. 
A  complete  phenomenological  theory  was  developed  for 
this  system  that  is  able  to  calculate  thermal,  elastic,  di¬ 
electric  and  piezoelectric  parameters  of  ferroelectric  sin¬ 
gle  crystal  states  [8]. 

The  boundary  between  the  tetragonal  and  the  rhom- 
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bohedral  phases,  at  compositions  close  to  x=  0.47,  the  so- 
called  morphotropic  phase  boundary  (MPB)  [7],  is  nearly 
vertical  in  temperature  scale.  It  has  been  experimentally 
observed  that  the  maximum  values  of  the  dielectric  per¬ 
mittivity,  as  well  as  the  electromechanical  coupling  fac¬ 
tors  and  piezoelectric  coefficients  of  PZT  at  room  tem¬ 
perature  occur  on  this  phase  boundary.  However,  the 
maximum  value  of  the  remanent  polarization  is  shifted 
to  smaller  Ti  contents  [7]. 


PbZr  M  Ti .  O , 


FIG.  1.  Preliminary  modification  of  the  PZT  phase  dia¬ 
gram  after  Noheda  et  al.  [3].  The  open  symbols  represent  the 
PZT  phase  diagram  after  Jaffe  et  al.  [7], 

The  space  groups  of  the  tetragonal  and  rhombohedral 
phases  (P4mm  and  R3m,  respectively)  are  not  symmetry- 
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related,  so  a  first  order  phase  transition  is  expected  at 
the  MPB.  However,  this  has  never  been  observed  and, 
as  far  as  we  know,  only  composition  dependence  stud¬ 
ies  are  available  in  the  literature.  One  of  the  main  dif¬ 
ficulties  in  the  experimental  approach  to  this  problem 
is  the  lack  of  single  crystals  of  PZT.  Because  of  the 
steepness  of  the  phase  boundary,  any  small  composi¬ 
tional  inhomogeneity  leads  to  a  region  of  phase  coexis¬ 
tence  (see  e.g.  [9,10,11,12])  that  conceals  the  tetragonal- 
to-rhombohedral  phase  transition.  The  width  of  the  co¬ 
existence  region  has  been  also  connected  to  the  particle 
size  [13]  and  depends  on  the  processing  conditions,  so  a 
meaningful  comparison  of  available  data  in  this  region  is 
often  not  possible. 

On  the  other  hand,  the  richness  of  phases  in  PZT 
and  the  simplicity  of  its  unit  cell  have  encouraged  im¬ 
portant  theoretical  efforts  in  recent  years.  So  far,  the 
first-principles  studies  have  been  successful  in  reproduc¬ 
ing  many  of  the  physical  properties  of  PZT  [14,15].  But, 
in  spite  of  the  proven  validity,  these  calculations  had  not 
yet  accounted  for  the  remarkable  increment  of  the  piezo¬ 
electric  response  observed  when  the  material  approaches 
its  MPB. 


FIG.  2.  Three  selected  peaks,  (100),  (110)  and  (111),  from 
the  diffraction  profiles  in  the  tetragonal  (top)  and  monocliruc 
(bottom)  PZT  (x=  0.48)  phases.  The  diffraction  profiles  are 
shown  in  Noheda  et  al.  [3],  Fig. 6. 

It  was  accordingly  clear  that  there  was  something  miss¬ 
ing  in  the  understanding  of  PZT,  mainly  due  to  exper¬ 
imental  difficulties,  and  we  addressed  our  efforts  in  this 
direction.  The  slight  deviation  from  verticality  of  the 
MPB  encouraged  us  to  attempt  the  investigation  of  a 
temperature  driven  Ft  —  Fr  phase  transition  knowing 
that  only  samples  of  exceptional  quality  would  allow  us 
to  succeed.  With  this  purpose  such  ceramics  were  pre¬ 
pared  by  the  Penn.  State  group.  Our  collaboration  has 
resulted  in  the  discovery  of  a  new  monoclinic  phase  (F m) 
in  this  ferroelectric  system  [1,2].  The  detailed  structural 
analysis  of  tetragonal  [3]  and  rhombohedral  [16]  phases 


of  PZT  seemed  to  indicate  that  the  local  structure  is 
different  from  the  average  one  and  that,  in  both  phases, 
such  local  structure  has  monoclinic  symmetry.  This  local 
structure  would  be  the  precursor  of  the  observed  mono¬ 
clinic  phase.  Diffraction  measurements  of  the  effect  of 
the  electric  field  on  ceramic  samples  have  confirmed  this 
model  [4].  Measurements  on  PZT  samples  with  x=  0.48 
and  X—  0.50  allowed  for  a  modification  of  the  PZT  phase 
diagram  as  shown  in  Fig.  1.  It  should  be  noted  that  the 
MPB  defined  by  Jaffe  et  al.  is  still  a  perfectly  valid  line 
that  corresponds  to  the  Ft-Fa/  phase  transition. 

EXPERIMENTAL 

PZT  samples  were  prepared  by  conventional  solid- 
state  reaction  techniques  as  described  in  refs.  [1,3]  at 
the  MRL,  Penn.  State  University,  and  samples  with  x= 
0.50  were  prepared  at  ICG,  CSIC,  Spain,  as  described 
in  ref.  [2].  High-resolution  synchrotron  x-ray  powder 
diffraction  measurements  were  carried  out  at  the  X7A 
diffractometer,  at  the  Brookhaven  National  Synchrotron 
Light  Source.  Two  types  of  experiments  were  done,  as 
explained  in  ref.  [3].  In  the  first  one,  data  were  collected 
from  a  disk  in  a  symmetric  flat-plate  reflection  geome¬ 
try  over  selected  angular  regions  as  a  function  of  tem¬ 
perature.  These  measurements  demonstrated  the  high 
quality  of  the  ceramic  samples,  whose  diffraction  peaks 
in  the  cubic  phase  have  full-widths  at  half-maximum  of 
0.02°  for  x=  0.48.  By  means  of  a  Williamson-Hall  analy¬ 
sis  in  the  cubic  phase,  a  compositional  error  of  less  than 
Ax  =  ±0.003  was  estimated  [3]  for  this  composition.  To 
perform  a  detailed  structure  determination,  additional 
measurements  were  made  for  PZT  with  x=  0.48,  at  20 
and  325  K,  in  the  monoclinic  and  tetragonal  phases,  re¬ 
spectively.  In  this  case,  the  sample  was  loaded  in  a  ro¬ 
tating  capillary  of  0.2  mm  diameter  to  avoid  texture  and 
preferred  orientation  effects  [3]. 

THE  MONOCLINIC  PHASE 

According  to  the  PZT  phase  diagram  [7],  a  sample  with 
x=  0.48  is  tetragonal  just  below  the  Curie  point  and 
rhombohedral  below  room  temperature.  The  measure¬ 
ments  on  the  pellets  for  selected  diffraction  peaks,  with 
decreasing  temperature  from  the  cubic  phase,  showed 
the  expected  tetragonal  phase  down  to  —300  K.  Below 
this  temperature  however  new  features  appeared  in  the 
diffractograms,  but  they  were  not  compatible  with  either 
a  rhombohedral  phase  or  with  a  mixture  of  both  phases 
(tetragonal  and  rhombohedral),  and  they  clearly  corre¬ 
sponded  to  a  monoclinic  phase  with  b  as  a  unique  axis 
[1],  This  can  be  observed  in  Figure  2  where  selected  parts 
of  the  diffraction  profile  are  plotted  for  the  monoclinic  (20 
K)  and  the  tetragonal  (325  K)  phases. 
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The  cell  parameters  of  PZT  (x=0.48)  are  represented 
in  Fig.  3  as  a  function  of  temperature.  In  the  tetragonal 
phase  (below  Tc=  660  K),  the  tetragonal  strain  ct/at, 
increases  as  the  temperature  decreases.  At  T~  300K 
the  tetragonal-to-monoclinic  [Ft  —  Fm)  phase  transition 
takes  place  and  the  ct/at  ratio  starts  decreasing  slightly. 
The  microstrain  present  in  the  sample  during  the  evo¬ 
lution  of  the  tetragonal  phase  seems  to  play  a  crucial 
role  in  the  phase  transition.  A  d/d  is  obtained  from  a 
Williamson-Hall  analysis  of  the  diffraction  line  widths  [3] 
and  is  shown  as  a  function  of  temperature  at  the  bottom 
of  the  plot.  At  high  temperatures,  A  d/d  increases  as  the 
temperature  decreases.  At  first,  the  increment  is  slow 
and  no  anomaly  is  observed  at  the  cubic-to-tetragonal 
transition.  At  lower  temperatures  A  d/d  shows  a  rapid  in¬ 
crease  that  reaches  a  sharp  maximum  just  at  the  Ft  —  Fm 
phase  transition.  For  this  amount  of  Zr  substituted,  the 
tetragonal  phase  cannot  support  the  stress  in  the  struc¬ 
ture,  which  is  to  a  large  extent  released  by  the  onset  of 
the  monoclinic  phase.  Further  analysis  is  being  done  in 
order  to  compare  the  microstrain  exhibited  by  different 
compositions  with  that  observed  in  pure  PbTiOs,  where 
the  tetragonal  phase  is  stable  at  very  low  temperatures. 


FIG.  3.  Cell  parameters  as  a  function  of  temperature  in 
the  cubic,  tetragonal  and  monoclinic  phases  for  PZT  x=  0.48. 
The  evolution  with  temperature  of  A djd  is  shown  is  the  bot¬ 
tom  ploc.  After  Noheda  et  al.  [3] 

The  monoclinic  unit  cell  is  doubled  with  respect  to 
the  tetragonal  one:  am  and  bm  are  aligned  along  the 
[U0]  and  [llO]  directions,  respectively,  and  cm  remains 
approximately  equal  to  the  tetragonal  Ct  but  it  is  tilted 
with  respect  to  it  in  the  monoclinic  plane,  as  illustrated 
in  the  inset  in  Fig.  4.  Such  a  unit  cell  is  chosen  in  order 
to  have  a  monoclinic  angle,  /?,  larger  than  90°  (according 
to  the  usual  convention)  and  fi  ~  90°  is  then  defined  as 
the  order  parameter  of  the  Ft  —  Fm  transition.  Its  tem¬ 
perature  evolution  is  depicted  in  Fig.  4.  The  transition 
seems  to  be  of  second  order  which  is  allowed  in  this  case, 
since  Cm  is  a  subgroup  of  P4mm.  PZT  samples  with  x= 


0.50,  prepared  in  a  slightly  different  way  [2],  showed  also 
a  monoclinic  phase  for  temperatures  below  200  K.  In  this 
case  am  is  approximately  equal  to  bm  and  the  monoclinic 
angle,  3  was  found  to  be  smaller  than  that  observed  for 
x=  0.48.  Its  evolution  with  temperature  is  also  plotted 
in  Fig. 4  [2].  A  direct  comparison  of  these  data  for  sam¬ 
ples  from  different  origins  must  be  regarded  with  caution. 
Further  work  is  being  carried  out  in  which  samples  with 
compositions  in  the  range  x=  0.42-0.51  processed  under 
the  same  conditions  are  studied.  However,  with  the  data 
obtained  so  far  it  is  already  possible  to  represent  a  mod¬ 
ification  of  the  PZT  phase  diagram  as  the  one  shown  in 
figure  1.  It  can  be  observed  that  the  MPB  established 
by  Jaffe  et  al.  [7]  above  room  temperature  seems  to  lie 
exactly  along  the  Ft-Fm  phase  boundary. 


FIG.  4.  Temperature  evolution  of  the  order  parameter  of 
the  Ft  —  Fm  transition  for  PZT  with  x=  0.48  and  x=  0.50. 
A  representation  of  the  monoclinic  unit  cell  is  included  as  an 
inset.  After  Noheda  et  al.  [1,2,3]. 

Contrary  to  what  occurs  in  the  tetragonal  and  rhom- 
bohedral  phases,  in  the  monoclinic  phase  the  polar  axis 
is  not  determined  by  symmetry  and  could  be  along  any 
direction  within  the  monoclinic  plane.  To  determine 
this  direction  the  atom  positions  need  to  be  known. 
A  detailed  structure  investigation  by  means  of  a  Ri- 
etveld  profile  analysis  of  the  tetragonal  and  monoclinic 
phases  of  PZT  (x=  0.48)  has  produced  interesting  results 
[3].  In  the  tetragonal  phase  at  325  K  the  unit  cell  has 
at  =  4.044A  and  ct  =  4.138.4  and  the  atoms  were  found 
to  be  displaced  in  the  same  way  as  in  pure  PbTiOs:  Pb 
and  Zr/Ti  were  shifted  0.48  A  and  0.27  A,  respectively, 
along  the  polar  [001]  axis.  Anisotropic  temperature  fac¬ 
tors  gave  a  much  better  refinement  but  the  resultant 
thermal  ellipsoids  were  unphysically  flattened  perpendic¬ 
ularly  to  the  polar  direction.  This  is  not  a  new  problem 
in  PZT:  Rietveld  refinement  of  the  rhombohedral  PZT 
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[17]  structure  also  produced  thermal  disk-shaped  ellip¬ 
soids  flattened  perpendicular  to  the  rhombohedral  polar 
axis  [111].  This  observed  behavior  has  been  previously 
associated  with  the  existence  of  certain  local  ordering 
different  from  the  long-range  order. 

The  local  order  has  been  studied  in  rhombohedral  PZT 
by  means  of  the  Pair  Distribution  Function  [18]  and, 
more  recently,  by  modelling  local  disordered  cation  shifts 
by  means  of  a  Rietveld  profile  refinement  [16].  The  au¬ 
thors  found  that  by  considering  three  equivalent  disor¬ 
dered  displacements  along  the  (001)  directions,  super¬ 
imposed  on  the  rhombohedral  cation  displacement  along 
[111]  (see  figure  5)  the  refinement  produced  much  more 
reasonable  temperature  factors. 
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FIG.  5.  Schematic  view  of  the  cation  shifts  in  the  tetrag¬ 
onal  (pt).  monoclinic  (pm)  and  rhombohedral  (pr)  unit  cells. 
The  solid  circles  and  the  arrows  represent  the  cation  posi¬ 
tions  in  each  one  of  the  three  structures.  In  the  tetragonal 
and  rhombohedral  cases,  the  long-range  structure  is  an  aver¬ 
age  of  the  short-range  or  local  structures  (three  in  the  rhom¬ 
bohedral  one  and  four  in  the  tetragonal  one)  represented  by 
smaller  grey  circles  [3] 

In  the  same  way,  for  tetragonal  PZT(x=  0.48)  at  325 
K.  we  can  model  local  disordered  sites  for  the  lead  atoms 
perpendicular  to  the  polar  axis,  that  is,  we  allow  Pb  to 
move  towards  the  four  sites  allowed  by  symmetry,  i.e.  at 
the  (xxz)  positions  [3],  which  give  an  average  tetrago¬ 
nal  (OOz)  cation  shift  (see  figure  5).  Similar  results  are 
obtained  if  the  refinement  is  carried  out  modelling  local 
disorder  shifts  along  the  (xOz)  directions.  The  refinement 
gives  local  shifts  of  0.2  A  perpendicular  to  the  polar  axis 
in  adition  to  the  common  shift  of  0.48  A  along  the  polar 
axis,  which  is  similar  to  that  of  PbTiOs,  and  gives  also 
physically  reasonable  isotropic  temperature  factors. 

The  structure  of  the  monoclinic  phase  at  20  K  does 
not  present  this  kind  of  problems.  The  refinement  is 
very  good  considering  isotropic  temperature  factors  for 
all  atoms  except  lead,  and  the  resulting  anisotropy  for 
lead  is  not  unreasonable  [3].  The  refined  unit  cell  was 
am  =  5.721  A,  bm  =  5.708  A,  cm  =  4.138  A  with 


0  —  90.496°.  The  results  os  the  refinement  [3]  have  de¬ 
fined  the  monoclinic  polar  axis.  This  lies  within  the  mon¬ 
oclinic  plane  along  a  direction  between  the  polar  axes  of 
the  tetragonal  and  the  rhombohedral  phases,  24°  away 
from  the  former  (see  figure  5).  This  value  could  become 
slightly  different  after  the  oxygen  positions  are  more  ac¬ 
curately  determined  by  a  neutron  study  that  is  underway. 
This  is  the  first  example  of  a  ferroelectric  material  with 
P“  =  P“  ^  P?,  where  Px,Py  and  Pz  are  the  Cartesian 
components  of  the  spontaneous  polarization. 

Although  this  result  is  interesting,  the  striking  fact 
about  it  is  that  the  monoclinic  shifts  exactly  corresponds 
to  one  of  the  four  locally  disordered  shifts  proposed  for 
the  tetragonal  phase,  as  it  can  be  observed  in  fig. 5.  The 
monoclinic  phase  appears,  as  the  temperature  is  lowered, 
by  the  condensation  of  one  of  the  local  shifts  existing  in 
the  tetragonal  phase.  Most  interesting  is  the  fact  that 
the  monoclinic  displacement  also  corresponds  to  one  of 
the  three  locally  disordered  shifts  proposed  by  Corker  et 
al.  [16]  for  the  rhombohedral  phase  (see  fig.  5),  so  the 
condensation  of  this  particular  site  would  also  give  rise 
to  the  observed  monoclinic  phase. 

FIELD  EFFECT 

Diffraction  experiments  with  poled  ceramics  as  well  as 
with  PZT  ceramics  under  electric  field  applied  in-situ 
were  carried  out.  This  measurement  were  taken  on  the 
flat  plate  on  symmetric  reflection,  which  means  that  only 
scattering  vectors  perpendicular  to  the  surfaces  are  mea¬ 
sured  [4].  A  plot  of  selected  diffraction  peaks  of  poled 
and  unpoled  samples  (Fig.  6)  shows  the  expected  in¬ 
tensity  differences  which  are  attributed  to  differences  in 
domain  populations  after  poling,  in  both  the  tetragonal 
(x=  0.48)  and  a  rhombohedral  (x=  0.42)  compositions. 
The  behavior  of  the  peak  positions  after  poling  was,  how¬ 
ever,  unexpected.  As  shown  in  the  same  figure  for  the 
rhombohedral  composition,  the  (hhh)  diffraction  peaks, 
corresponding  to  the  polar  direction,  were  not  shifted  af¬ 
ter  poling.  A  large  shift  of  the  (hOO)  peak  position  was 
observed,  however,  which  means  that  the  piezoelectric 
elongation  of  the  unit  cell  is  not  along  the  polar  direc¬ 
tion,  but  along  [001].  In  a  similar  way,  for  the  tetragonal 
composition  (x=  0.48),  no  shift  was  observed  along  the 
polar  [001]  direction,  while  clear  poling  effects  were  evi¬ 
dent  in  the  (hhh)  peaks.  The  explanation  of  this  striking 
behavior  lies  in  the  monoclinic  phase.  The  piezoelec¬ 
tric  strain  occurs,  for  compositions  close  to  the  MPB  not 
along  the  polar  axes  but  along  the  directions  that  induce 
the  monoclinic  distortion. 

All  these  observations  lead  us  to  propose  that  the  so- 
called  morphotropic  phase  boundary  is  not  a  boundary 
but  rather  a  phase  with  monoclinic  symmetry.  This  new 
phase  is  intermediate  between  the  tetragonal  and  rhom¬ 
bohedral  PZT  phases.  Its  symmetry  relates  both  phases 


(Cm  being  a  subgroup  of  both  P4mm  and  R3m)  through 
the  only  common  symmetry  element,  the  mirror  plane. 
Both,  the  tetragonal  and  rhombohedral  phases  (at  least 
in  the  proximity  of  the  MPB)  have  a  local  structure  dif¬ 
ferent  from  the  long-range  one  and  at  low  temperatures  a 
monoclinic  long  range  order  is  established  by  the  freezing- 
out  of  one  of  the  ”  local  monoclinic  structures”  in  both 
the  rhombohedral  and  the  tetragonal  phases.  Under  the 
application  of  an  electric  field,  one  of  the  locally  disor¬ 
dered  sites  becomes  preferred,  inducing  the  monoclinic 
distortion.  This  induced  monoclinic  phase  is  stable  and 
remains  after  the  field  is  removed. 
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FIG.  6.  (Ill),  (200)  and  (220)  pseudo-cubic  reflections  for 
the  x=  0.48  (tetragonal)  and  x=  0.42  (rhombohedral)  PZT 
compositions,  before  and  after  poling.  After  Guo  et  al.  [4] 

These  results  can  explain  some  of  the  puzzles  in  PZT, 
such  as  the  larger  piezoelectric  coefficient  found  in  rhom¬ 
bohedral  PZT  along  the  tetragonal  direction  [19].  Taking 
into  account  the  monoclinic  phase,  very  recent  ab  initio 
calculations  have  been  able  to  explain  the  high  piezoelec¬ 
tric  response  of  these  materials  by  considering  rotations 
of  the  polar  axis  in  the  monoclinic  plane  (di$)  [20].  In¬ 
dications  of  a  phase  of  lower  symmetry  than  tetragonal 
have  been  found  by  optical  measurement  on  single  crys¬ 
tals  of  PZN-PT  close  to  the  MPB  [21].  Something  similar 
could  be  true  in  other  ferroelectric  systems  with  similar 
MPBs  as  PMN-PT  or  some  Tungsten-Bronzes. 
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The  perovskitelike  ferroelectric  system  PbZr^TijO^  (PZT)  has  a  nearly  vertical  morphotropic  phase 
boundary  (MPB)  around  x  =  0.45-0.50.  Recent  synchrotron  x-ray  powder  diffraction  measurements  by  Noheda 
et  ai  [Appl.  Phys.  Lett.  74.  2059  (1999)]  have  revealed  a  monoclinic  phase  between  the  previously  established 
tetragonal  and  rhombohedral  regions.  In  the  present  work  we  describe  a  Rietveld  analysis  of  the  detailed 
structure  of  the  tetragonal  and  monoclinic  PZT  phases  on  a  sample  with  x  =  0.48  for  which  the  lattice  param¬ 
eters  are.  respectively,  at  =  4.044  A,  cr=4.138  A,  at  325  K.  and  am  =  5.721  A,  bm=5.10%  A.  cm  =  4.138  A, 
/?= 90.496°.  at  20  K.  In  the  tetragonal  phase  the  shifts  of  the  atoms  along  the  polar  [001]  direction  are  similar 
to  those  in  PbTi03  but  the  refinement  indicates  that  there  are,  in  addition,  local  disordered  shifts  of  the  Pb 
atoms  of  —0.2  A  perpendicular  to  the  polar  axis.  The  monoclinic  structure  can  be  viewed  as  a  condensation 
along  one  of  the  (110)  directions  of  the  local  displacements  present  in  the  tetragonal  phase.  It  equally  well 
corresponds  to  a  freezing-out  of  the  local  displacements  along  one  of  the  (100)  directions  recendy  reported  by 
Corker  et  aL[ J.  Phys.:  Condens.  Matter  10,  6251  (1998)]  for  rhombohedral  PZT.  The  monoclinic  structure 
therefore  provides  a  microscopic  picture  of  the  MPB  region  in  which  one  of  the  “locally”  monoclinic  phases 
in  the  “average”  rhombohedral  or  tetragonal  structures  freezes  out,  and  thus  represents  a  bridge  between  these 
two  phases. 


L  INTRODUCTION 

Perovskitelike  oxides  have  been  at  the  center  of  research 
on  ferroelectric  and  piezoelectric  materials  for  the  past  fifty 
years  because  of  their  simple  cubic  structure  at  high  tempera¬ 
tures  and  the  variety  of  high  symmetry  phases  with  polar 
states  found  at  lower  temperatures.  Among  these  materials 
the  ferroelectric  PbZ^  _rTir03  (PZT)  solid  solutions  have 
attracted  special  attention  since  they  exhibit  an  unusual 
phase  boundary  which  divides  regions  with  rhombohedral 
and  tetragonal  structures,  called  the  morphotropic  phase 
boundary  (MPB)  by  Jaffe  et  ai1  Materials  in  this  region 
exliibit  a  very  high  piezoelectric  response,  and  it  has  been 
conjectured  that  these  two  features  are  intrinsically  related. 
The  simplicity  of  the  perovskite  structure  is  in  part  respon¬ 
sible  for  the  considerable  progress  made  recently  in  the  de¬ 
termination  of  the  basic  structural  properties  and  stability  of 
phases  of  some  important  perovskite  oxides,  based  on  ab 
initio  calculations  (see,  e.g..  Refs.  2-9).  Recently,  such  cal¬ 
culations  have  also  been  used  to  investigate  solid  solutions 
and,  in  particular,  PZT,  where  the  effective  Hamiltonian  in¬ 
cludes  both  structural  and  compositional  degrees  of 
freedom.10-12 

The  PZT  phase  diagram  of  Jaffe  et  ai}  which  covers  only 
temperatures  above  300  K.  has  been  accepted  as  the  basic 
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characterization  of  the  PZT  solid  solution.  The  ferroelectric 
region  of  the  phase  diagram  consists  mainly  of  two  different 
regions:  the  Zr-rich  rhombohedral  region,  (FR)  that  contains 
two  phases  with  space  groups  R3m  and  /?3c,  and  the  Ti-rich 
tetragonal  region  (Fr),  with  space  group  P4mm.i3  The  two 
regions  are  separated  by  a  boundary  that  is  nearly  indepen¬ 
dent  of  temperature,  the  MPB  mentioned  above,  which  lies  at 
a  composition  close  to  x=0.47.  Many  structural  studies  have 
been  reported  around  the  MPB,  since  the  early  1950’ s,  when 
these  solid  solutions  were  first  studied,1314  since  the  high 
piezoelectric  figure  of  merit  that  makes  PZT  so  extraordinary 
is  closely  associated  with  this  line.1,15  The  difficulty  in  ob¬ 
taining  good  single  crystals  in  this  region,  and  the  character¬ 
istics  of  the  boundary  itself,  make  good  compositional  ho¬ 
mogeneity  essential  if  single  phase  ceramic  materials  are  to 
be  obtained.  Because  of  this,  the  MPB  is  frequently  reported 
as  a  region  of  phase  coexistence  whose  width  depends  on  the 
sample  processing  conditions.16-19 

Recently,  another  feature  of  the  morphotropic  phase 
boundary  has  been  revealed  by  the  discovery  of  a  ferroelec¬ 
tric  monoclinic  phase  (FM)  in  the  Pb(Zr,  _<rTiT)03  ceramic 
system.-0  From  a  synchrotron  x-ray  powder  diffraction  study 
of  a  composition  with  .r=0.48,  a  tetragonal-to-monoclinic 
phase  transition  was  discovered  at  —300  K.  The  monoclinic 
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FIG.  1.  Preliminary  modification  of  the  PZT  phase  diagram.  The 
data  of  Jaffe  et  al.  (Ref.  1)  are  plotted  as  open  circles.  The  FrFM 
and  P(rFT  transition  temperatures  for  *=0.48  and  *=0.50  are 
plotted  as  solid  symbols.  The  F-j-Fm  transition  for  x— 0.50  is  re¬ 
ported  in  Ref.  22. 

unit  cell  is  such  that  am  and  bm  lay  along  the  tetragonal 
[TTO]  and  [1  TO]  directions  2),  and  cm  devi¬ 

ates  slighdy  from  the  [001]  direction  (cm*=£cf).  The  space 
group  is  Cm,  and  the  temperature  dependence  of  the  mono¬ 
clinic  angle  (3  gives  immediately  the  evolution  of  the  order 
parameter  for  the  tetragonal-monoclinic  (F-j-Fm)  transition. 
The  polar  axis  of  the  monoclinic  cell  can  in  principle  be 
directed  along  any  direction  within  the  ac  mirror  plane,  mak¬ 
ing  necessary  a  detailed  structural  study  to  determine  its  di¬ 
rection. 

In  the  present  work  we  present  such  a  detailed  structure 
determination  of  the  monociinic  phase  at  20  K  and  the  te¬ 
tragonal  phase  at  325  K  in  PZT  with  *  =  0.48.  The  results 
show  that  the  polarization  in  the  monoclinic  plane  lies  along 
a  direction  between  the  pseudocubic  [001]c  and  [lll]c  di¬ 
rections,  corresponding  to  the  first  example  of  a  species  with 
p2  =  p2^p2  a  tentative  phase  diagram  is  presented  in  Fig. 
1  * which  includes  data  for  the  x=0.48  composition  together 
with  those  of  the  recently  studied  *  =  0.50  composition.-" 
The  most  striking  finding,  however,  is  that  the  monoclinic 
cation  displacements  found  here  correspond  to  one  of  the 
three  locally  disordered  sites  reported  by  Corker  et  al.  for 
rhombohedral  compositions  in  the  region  *  =  0.1 -0.4,  and 
thus  provide  a  microscopic  model  of  the  rhombohedral-to- 
monoclinic  phase  transition.  This,  together  with  the  fact  that 
the  space  group  of  the  new  phase.  Cm,  is  a  subgroup  of  both 
P4mm  and  R3m .  suggests  that  FM  represents  an  intermedi¬ 
ate  phase  connecting  the  well-known  FT  and  FR  PZT  phases. 

IL  EXPERIMENTAL 

A  PZT  sample  with  *=0.48  was  prepared  by  conven¬ 
tional  solid-state  reaction  techniques  using  appropriate 
amounts  of  reagent-grade  powders  of  lead  carbonate,  zirco¬ 


nium  oxide,  and  titanium  oxide,  with  chemical  purities  better 
than  99.9%.  Pellets  were  pressed  and  heated  to  1250  °C  at  a 
ramp  rate  of  10  °C/min,  held  at  this  temperature  in  a  covered 
crucible  for  2  h,  and  furnace  cooled.  During  sintering, 
PbZrO?  was  used  as  a  lead  source  in  the  crucible  to  minimize 
volatilization  of  lead. 

High-resolution  synchrotron  x-ray  powder  diffraction 
measurements  were  made  at  beam  line  X7A  at  the 
Brookhaven  National  Synchrotron  Light  Source.  In  the  first 
set  of  measurements,  an  incident  beam  of  wavelength  0.6896 
A  from  a  Ge(lll)  double-crystal  monochromator  was  used 
in  combination  with  a  Ge(220)  crystal  and  scintillation  de¬ 
tector  in  the  diffraction  path.  The  resulting  instrumental  reso¬ 
lution  is  about  0.0 1°  on  the  2  6  scale,  an  order  of  magnitude 
better  than  that  of  a  laboratory  instrument.  Data  were  col¬ 
lected  from  a  disk  in  symmetric  flat-plate  reflection  geometry 
over  selected  angular  regions  in  the  temperature  range  20- 
736  K.  Coupled  6-2  6  scans  were  performed  over  selected 
angular  regions  with  a  2  6  step  interval  of  0.01°.  The  sample 
was  rocked  1-2°  during  data  collection  to  improve  powder 
averaging. 

Measurements  above  room  temperature  were  performed 
with  the  disk  mounted  on  a  BN  sample  pedestal  inside  a 
wire-wound  BN  tube  furnace.  The  furnace  temperature  was 
measured  with  a  thermocouple  mounted  just  below  the  ped¬ 
estal  and  the  temperature  scale  calibrated  with  a  sample  of 
CaF->.  The  accuracy  of  the  temperature  in  the  furnace  is  es¬ 
timated  to  be  within  10  K,  and  the  temperature  stability 
about  2  K.  For  low-temperature  measurements,  the  pellet 
was  mounted  on  a  Cu  sample  pedestal  and  loaded  in  a 
closed-cycle  He  cryostat,  which  has  an  estimated  tempera¬ 
ture  accuracy  of  2  K  and  stability  better  than  0.1  K.  The 
diffracted  intensities  were  normalized  with  respect  to  the  in¬ 
cident  beam  monitor. 

For  the  second  set  of  measurements  aimed  at  the  detailed 
determination  of  the  structure,  a  linear  position-sensitive  de¬ 
tector  was  mounted  on  the  2  6  arm  of  the  diffractometer  in¬ 
stead  of  the  crystal  analyzer,  and  a  wavelength  of  0.7062  A 
was  used.  This  configuration  gives  greatly  enhanced  count¬ 
ing  rates  which  make  it  feasible  to  collect  accurate  data  from 
very  narrow-diameter  capillary  samples  in  Debye-Scherrer 
geometry,  with  the  advantage  that  systematic  errors  due  to 
preferred  orientation  or  texture  effects  are  largely  eliminated. 
A  small  piece  of  the  sintered  disk  was  carefully  crushed  and 
sealed  into  a  0.2  mm  diameter  glass  capillary.  The  latter  was 
loaded  into  a  closed-cycle  cryostat,  and  extended  data  sets 
were  collected  at  20  and  325  K  while  the  sample  was  rocked 
over  a  10°  range.  With  this  geometry  the  instrumental  reso¬ 
lution  is  about  0.03°  on  the  26  scale.  Because  lead  is  highly 
absorbing,  the  data  were  corrected  for  absorption  effects" 
based  on  an  approximate  value  of  /xr=  1.4  determined  from 
the  weight  and  dimensions  of  the  sample. 

m.  PHASE  TRANSITIONS 

The  evolution  of  the  lattice  parameters  with  temperature 
was  briefly  summarized  in  Ref.  20.  and  a  more  complete 
analysis  is  presented  below.  The  results  of  the  full  structure 
analysis  are  described  later. 

A  transition  from  the  cubic  to  the  tetragonal  phase  was 
observed  at  —660  K.  in  agreement  with  the  phase  diagram 
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FIG.  2.  The  Williamson-Hall  plot  for  PZT  (x  =  0.48)  derived 
from  the  measured  diffraction  peak  widths  in  the  cubic  phase  ( T 
=  736  K).  Particle  size  and  microstrain  are  estimated  from  a  linear 
fit  (solid  line).  The  plot  for  the  (111)  reflection  in  the  cubic  phase 
demonstrates  the  excellent  quality  of  the  ceramic  sample  (peak 
width  —0.02°).  The  plot  of  A  did  vs  temperature  is  also  shown  as 
an  inset 

shown  in  Fig.  1.  The  measurements  made  on  the  pellet  in  the 
cubic  phase  at  736  K  demonstrate  the  excellent  quality  of  the 
sample,  which  exhibits  diffraction  peaks  with  full-widths  at 
half-maximum  (FWHM)  ranging  from  0.01°  to  0.03°  as 
shown  for  the  (1 11)  reflection  plotted  as  the  upper-right  inset 
in  Fig.  2.  The  FWHM’s  (T)  for  several  peaks  were  deter¬ 
mined  from  least-squares  fits  to  a  pseudo- Voigt  function 
with  the  appropriate  corrections  for  asymmetry  effects.25  and 
corrected  for  instrumental  resolution.  The  corrected  values 
are  shown  in  Fig.  2  in  the  form  of  a  Williamson-Hall  plot26 

T  cos  0=\/L  +  2(Ad/d)sin  0,  (3.1) 

where  \  is  the  wavelength  and  L  is  the  mean  crystallite  size. 
From  the  slope  of  a  linear  fit  to  the  data,  the  distribution  of  d 
spacings,  A  did,  is  estimated  to  be  —3  X  KT4.  corresponding 
to  a  compositional  inhomogeneity  Ax  of  less  than  ±0.003. 
From  the  intercept  of  the  line  on  the  ordinate  axis  the  mean 
crystallite  size  is  estimated  to  be  —  1  /zm. 

A  tetragonal-to-monoclinic  phase  transition  in  PZT  with 
x  =  0.48  was  recently  reported  by  Noheda  et  al .20  Additional 
data  have  been  obtained  near  the  phase  transition  around  300 
K  which  have  allowed  a  better  determination  of  the  phase 
transition  to  be  made,  as  shown  by  the  evolution  of  the  lat¬ 
tice  parameters  as  a  function  of  temperature  in  Fig.  3.  The 
tetragonal  strain  cfJat  increases  as  the  temperature  decreases 
from  the  Curie  point  (7^660  K),  to  a  value  of  1.0247  at  300 
K.  below  which  peak  splittings  characteristic  of  a  monoclinic 
phase  with  am*s*bms*at\l2.fi*90° .  are  observed  (Fig.  3).  As 
the  temperature  continues  to  decrease  down  to  20  K,  am 
(which  is  defined  to  lie  along  the  [TIO]  tetragonal  direction) 
increases  very  slightly,  and  bm  (which  lies  along  the  [  1  TO] 
tetragonal  direction)  decreases.  The  cm  lattice  parameter 
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FIG.  3.  Lattice  parameters  versus  temperature  for  PZT  ( x 
=  0.48)  over  the  whole  range  of  temperatures  from  20  to  750  K 
showing  the  evolution  from  the  monoclinic  phase  to  the  cubic  phase 
via  the  tetragonal  phase. 

reaches  a  broad  maximum  value  of  4.144  A  between  240- 
210  K  and  then  reaches  a  shallow  minimum  value  of  4. 137  A 
at  60  K.  Over  the  same  temperature  region  there  is  a  striking 
variation  of  A  did  determined  from  Williamson-Hall  plots  at 
various  temperatures,  as  shown  in  the  upper-left  inset  in  Fig. 
2.  A  did  increases  rapidly  as  the  temperature  approaches  the 
Ft-Fm  transition  at  300  K,  in  a  similar  fashion  to  the  tetrag¬ 
onal  strain,  and  then  decreases  rapidly  below  this  tempera¬ 
ture  in  the  monoclinic  region.  Thus  the  microstrain  respon¬ 
sible  for  the  large  increase  in  A  d/d  is  an  important  feature  of 
the  phase  transition,  which  may  be  associated  with  the  de¬ 
velopment  of  local  monoclinic  order,  and  is  very  likely  re¬ 
sponsible  for  the  large  electromechanical  response  of  PZT 
close  to  the  MPB.1 

The  deviation  of  the  monoclinic  angle  from  90°  is  an 
order  parameter  of  the  Fj-F  v  transition,  and  its  evolution 
with  temperature  is  also  depicted  in  Fig.  3.  This  phase  tran¬ 
sition  presents  a  special  problem  due  to  the  steepness  of  the 
phase  boundary  (the  MPB  in  Fig.  1).  As  shown  in  the  previ¬ 
ous  section,  the  compositional  fluctuations  are  quite  small  in 
these  ceramic  samples  ( Ax  ~  ±0.003)  but,  even  in  this  case, 
the  nature  of  the  MPB  implies  an  associated  temperature 
uncertainty  of  A  100  K.  There  is.  therefore,  a  rather  wide 
range  of  transition  temperatures  instead  of  a  single  well- 
defined  transition,  so  that  the  order  parameter  is  smeared  out 
as  a  function  of  temperature  around  the  phase  change, 
thereby  concealing  the  nature  of  the  transition. 

Scans  over  the  (220)c  region  for  several  different  tem¬ 
peratures  are  plotted  in  Fig.  4,  which  shows  the  evolution  of 
phases  from  the  cubic  phase  at  687  K  (upper-left  plot)  to  the 
monoclinic  phase  at  20  K  (lower-right  plot),  passing  through 
the  tetragonal  phase  at  intermediate  temperatures.  With  de¬ 
creasing  temperature,  the  tetragonal  phase  appears  at  —660 
K  and  the  development  of  the  tetragonal  distortion  can  be 
observed  on  the  left  side  of  the  figure  from  the  splitting  of 
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FIG.  4.  Temperature  evolution  of  the  pseudocubic  (220)  peak 
from  the  cubic  (top  left)  to  the  monoclinic  (bottom  right)  phase. 

the  (202),  and  (220),  reflections.  On  the  right  side  of  the 
figure,  the  evolution  of  the  monoclinic  phase,  which  appears 
below  —300  K,  is  shown  by  the  splitting  into  the 
(222)m ,  (222)m,  (400)m,  and  (040)m  monoclinic  reflec¬ 
tions.  It  is  quite  evident  from  Fig.  4  that  the  (202),  peak  is 
much  broader  than  the  neighboring  (220),  peak,  for  example, 
and  this  “anisotropic”  peak  broadening  is  a  general  feature 
of  the  diffraction  data  for  both  phases.  Another  feature  of  the 
patterns  is  the  presence  of  additional  diffuse  scattering  be¬ 
tween  neighboring  peaks,  which  is  particularly  evident  be¬ 
tween  tetragonal  (00/)  and  ( hOQ )  pairs,  and  the  correspond¬ 
ing  monoclinic  (00/)  and  {hhO)  pairs. 

IV.  STRUCTURE  DETERMINATION 

A  detailed  analysis  of  the  325  K  tetragonal  and  20  K 
monoclinic  structures  of  PbZro.52Tio.4gO3  was  carried  out  by 
Rietveld  refinement  using  the  GSAS  program  package.27  The 
pseudo- Voigt  peak  shape  function  option  was  chosen25  and 
background  was  estimated  by  linear  interpolation  between 
fixed  values.  An  important  feature  of  the  refinements  was  the 
need  to  allow  for  the  anisotropic  peak  broadening  mentioned 
above.  This  was  accomplished  by  the  use  of  the  recently 
incorporated  generalized  model  for  anisotropic  peak  broad¬ 
ening  proposed  by  Stephens,28  which  is  based  on  a  distribu¬ 
tion  of  lattice  parameters.  It  was  also  necessary  to  take  into 
account  some  additional  diffuse  scattering  by  modeling  with 
a  second,  cubic,  phase  with  broad,  predominately  Gaussian, 


peaks.  A  similar  strategy  has  been  adopted  by  Muller  et  ai29 
in  a  recent  study  of  PbHfo^Tio^.  Although  in  principle  this 
could  represent  a  fraction  of  untransformed  cubic  phase,  we 
suspect  that  the  diffuse  scattering  is  associated  with  locally 
disordered  regions  in  the  vicinity  of  domain  walls.  The  re¬ 
finements  were  carried  out  with  the  atoms  assigned  fully  ion¬ 
ized  scattering  factors. 


A.  Tetragonal  structure  at  325  K 

At  325  K  the  data  show  tetragonal  symmetry  similar  to 
that  of  PbTi03 .  This  tetragonal  structure  has  the  space  group 
P4mm  with  Pb  in  1(a)  sites  at  (0.0 ,z);  Zr/Ti  and  0(1)  in 
1(Z>)  sites  at  (l/2,l/2.z)  and  0(2)  in  2(c)  sites  at  (1/2.  0,  z). 
For  the  refinement  we  adopt  the  same  convention  as  that 
used  in  Refs.  30  and  31  for  PbTi03,  with  Pb  fixed  at  (0.0,0). 
However,  instead  of  thinking  in  terms  of  shifts  of  the  other 
atoms  with  respect  to  this  origin,  it  is  more  physically  intui¬ 
tive  to  consider  displacements  of  Pb  and  Zr/Ti  from  the  cen¬ 
ter  of  the  distorted  oxygen  cuboctahedra  and  octahedra.  re¬ 
spectively.  We  shall  take  this  approach  in  the  subsequent 
discussion. 

The  refinement  was  first  carried  out  with  individual  iso¬ 
tropic  (//iso)  temperature  factors  assigned.  Although  a  rea¬ 
sonably  satisfactory  fit  was  obtained  (RFi  =  8.9%),  Uiso  for 
0(1)  was  slightly  negative  and  for  Pb  was  very  large, 
0.026  A  2,  much  larger  than  Uiso  for  the  other  atoms.  Simi¬ 
larly  high  values  for  Pb(Ulso)  in  Pb-based  perovskites  are 
well  known  in  the  literature,  and  are  usually  ascribed  to  local 
disordered  displacements,  which  may  be  either  static  or  dy¬ 
namic.  Refinement  with  anisotropic  temperature  factors32 
(Uu  and  f/33)  assigned  to  Pb  (Table  I,  model  I)  gave  an 
improved  fit  (Rfi= 6.1%)  with  UU(  =  UZ2)  considerably 
larger  than  U33  (0.032  and  0.013  A2,  respectively)  corre¬ 
sponding  to  large  displacements  perpendicular  to  the  polar 
[001]  axis.  A  further  refinement  based  on  local  displace¬ 
ments  of  the  Pb  from  the  1(a)  site  to  the  4(d)  sites  at 
(x,x.0)?  with  isotropic  temperature  factors  assigned  to  all  the 
atoms,  gave  a  small  improvement  in  the  fit  (RF 2  =  6.0%) 
with  x=0.033,  corresponding  to  local  shifts  along  the  (110) 
axes,  and  a  much  more  reasonable  temperature  factor  (Table 
I.  model  II).  In  order  to  check  that  high  correlations  between 
the  temperature  factor  and  local  displacements  were  not  bi¬ 
asing  the  result  of  this  refinement,  we  have  applied  a  com¬ 
monly  used  procedure  consisting  of  a  series  of  refinements 
based  on  model  II  in  which  Pb  displacements  alon<i  (110) 
were  fixed  but  all  the  other  parameters  were  varied.  35  Fig¬ 
ure  5  shows  unambiguously  that  there  is  well-defined  mini¬ 
mum  in  the  R  factor  for  a  displacement  of  about  0.19  A , 
consistent  with  the  result  in  Table  I.  A  similar  minimum  was 
obtained  for  shifts  along  (100)  directions  with  a  slightly 
higher  R  factor.  Thus,  in  addition  to  a  shift  of  0.48  A  for  Pb 
along  the  polar  [00 1]  axis  towards  four  of  its  0(2)  neighbors, 
similar  to  that  in  PbTiO3,30‘31’36  there  is  a  strong  indication  of 
substantial  local  shifts  of  ~0.2  A  perpendicular  to  this  axis. 
The  Zr/Ti  displacement  is  0.27  A  along  the  polar  axis,  once 
again  similar  to  the  Ti  shift  in  PbTi03.  Attempts  to  model 
local  displacements  along  (110)  directions  for  the  Zr/Ti  at¬ 
oms  were  unsuccessful  due  to  the  large  correlations  between 
these  shifts  and  the  temperature  factor.  Further  attempts  to 
refine  the  z  parameters  of  the  Zr  and  Ti  atoms  independently. 
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TABLE  I.  Structure  refinement  results  for  tetragonal  PbZr0j52Ti04gO3  at  325  K,  space  group  P4mm, 
lattice  parameters  at- 4.0460(1)  A,  cf= 4. 1394(1)  A.  Fractional  occupancies  N  for  ail  atoms  taken  as  unity 
except  for  Pb  in  model  n,  where  N=0.25.  Agreement  factors,  Rwp .  RFz.  and  xz  are  defined  in  Ref.  33. 


Model  I 

anisotropic  lead  temperature  factors 

Model  II 

local  (110)  lead  shifts 

X 

y 

- 

U(A  ’) 

X 

V 

z 

(A :) 

Pb 

0 

0 

0 

Uu  =  0.0319(4) 

0.0328(5) 

0.0328(5)  0 

0.0127(4) 

U33=  0.0127(4) 

Zr/Ti 

0.5 

0.5 

0.4517(7) 

1)^=0.0052(6) 

0.5 

0.5 

0.4509(7) 

0.0041(6) 

0(1) 

0.5 

0.5 

-0.1027(28) 

Uiso=  0.0061(34) 

0.5 

0.5 

-0.1027(28) 

0.0072(35) 

0(2) 

0.5 

0 

0.3785(24) 

Uiso= 0.0198(30) 

0.5 

0 

0.3786(24) 

0.0197(30) 

RwP 

4.00% 

3.99% 

Rf; 

6.11% 

6.04% 

X ' 

11.4 

11.3 

as  Corker  et  al.  were  able  to  do,-3  were  likewise  unsuccess¬ 
ful,  presumably  because  the  scattering  contrast  for  x  rays  is 
much  less  than  for  neutrons. 

From  the  values  of  the  atomic  coordinates  listed  in  Table 
L  it  can  be  inferred  that  the  oxygen  octahedra  are  somewhat 
more  distorted  than  in  PbTi03,  the  0(1)  atoms  being  dis¬ 
placed  0.08  A  towards  the  0(2)  plane  above.  The  cation 
displacements  are  slightly  larger  than  those  recently  reported 
by  Wilkinson  et  al?1  for  samples  close  to  the  MPB  contain¬ 
ing  a  mixture  of  rhombohedral  and  tetragonal  phases,  and  in 
excellent  agreement  with  the  theoretical  values  obtained  by 
Bellaiche  and  Vanderbilt38  for  PZT  with  x=0.50  from  first 
principles  calculations.  As  far  as  we  are  aware  no  other 
structural  analysis  of  PZT  compositions  in  the  tetragonal  re¬ 
gion  has  been  reported  in  the  literature. 

Selected  bond  distances  for  the  two  models  are  shown  in 
Table  n.  For  model  I,  Zr/Ti  has  short  and  long  bonds  with 
0(  1)  of  1.85  and  2.29  A.  respectively,  and  four  intermediate- 
length  0(2)  bonds  of  2.05  A.  There  are  four  intermediate- 
length  Pb-O(l)  bonds  of  2.89  A  ,  four  short  Pb-0(2)  bonds 


FIG.  5.  Agreement  factor  Rwp  as  a  function  of  Pb  displacements 
for  refinements  with  fixed  values  of  .r  along  tetragonal  (110)  and 
( 100)  directions  as  described  in  text.  The  well-defined  minimum  at 
x~0. 19  A  confirms  the  result  listed  in  Table  I  for  model  II. 


of  2.56  A  and  four  much  larger  Pb-0(2)  distances  of  3.27  A. 
For  model  EL  the  Zr/Ti-0  distances  are  the  same,  but  the 
Pb-0  distances  change  significantly.  A  Pb  atom  in  one  of  the 
four  equivalent  (*,*,0)  sites  in  Table  I  now  has  a  highly 
distorted  coordination,  consisting  of  two  short  and  two  inter¬ 
mediate  Pb-0(2)  bonds  of  2.46  and  2.67  A,  and  one  slightly 
longer  Pb-O(l)  bond  of  2.71  A  (Table  II).  The  tendency  of 
Pb '  which  has  a  lone  sp  electron  pair,  to  form  short  cova¬ 
lent  bonds  with  a  few  neighboring  oxygens  is  well  docu¬ 
mented  in  the  literature. 23 '39-41 

The  observed  and  calculated  diffraction  profiles  and  the 
difference  plot  are  shown  in  Fig.  6  for  a  selected  2  0  range 
between  7°  and  34°  (upper  figure).  The  short  vertical  mark¬ 
ers  represent  the  calculated  peak  positions.  The  upper  and 
lower  sets  of  markers  correspond  to  the  cubic  and  tetragonal 
phases,  respectively.  We  note  that  although  agreement  be¬ 
tween  the  observed  and  the  calculated  profiles  is  consider¬ 
ably  better  when  the  diffuse  scattering  is  modeled  with  a 
cubic  phase,  the  refined  values  of  the  atomic  coordinates  are 
not  significantly  affected  by  the  inclusion  of  this  phase.  The 
anisotropic  peak  broadening  was  found  to  be  satisfactorily 

TABLE  II.  Selected  Zr/Ti-O  and  Pb-0  bond  lengths  in  the  te¬ 
tragonal  and  monoclinic  structures.  Models  I  and  II  refer  to  the 
refinements  with  anisotropic  temperature  factors  and  local  (110) 
displacements  for  Pb.  respectively  (see  Table  I).  The  standard  errors 
in  the  bond  lengths  are  -0.01  A  . 


Bond  lengths  (A) 

tetragonal  monoclinic 

model  I  model  II 

Zr/Ti -0(  1 ) 

1.85X1 

1.85X1 

1.87X1 

2.29X  1 

2.29X  1 

•2.28X  1 

Zr/Ti -0(2) 

2.05X4 

2.05X4 

2.13X2 

1.96x2 

Pb-O(l) 

2.89X4 

2.90X2 

2.90X2 

2.71X1 

2.60X1 

Pb-OI2) 

2.56X4 

2.67X2 

2.64X2 

2.46X2 

2.46X2 
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FIG.  6.  Observed  and  calculated  diffraction  profiles  from  the 
Rietveld  refinement  of  the  tetragonal  (top)  and  monociinic  (bottom) 
phases  of  PZT  (x  =  0.48)  at  325  and  20  K.  respectively.  The  differ¬ 
ence  plots  are  shown  below,  and  the  short  vertical  markers  repre¬ 
sent  the  peak  positions  (the  upper  set  correspond  to  the  cubic  phase 
as  discussed  in  text).  The  insets  in  each  figure  highlight  the  differ¬ 
ences  between  the  tetragonal  and  the  monociinic  phase  for  the 
pseudocubic  (110)  reflection,  and  illustrate  the  high  resolution 
needed  in  order  to  characterize  the  monociinic  phase. 

described  by  two  of  the  four  parameters  in  the  generalized 
model  for  tetragonal  asymmetry.28 


TABLE  HI.  Structure  refinement  results  for  monociinic 
PbZr0j:Tio.4g03  at  20  K,  space  group  Cm,  lattice  parameters  am 
=  5.72204(15)  A.  /?m  =  5.70957(14)  A,  cm  =  4.13651(  14)  A,  /3 
=  90.498(1)°.  Agreement  factors  Rwp= 3.26%,/? f2= 4.36%, 

=  9.3. 


0  0  0  0.0139 a 


Zr/Ti  0.5230(6)  0  0.4492(4)  0.0011(5) 

0(1)  0.5515(23)  0  -0.0994(24)  0.0035(28) 

0(2)  0.28800  8)  0.2434(20)  0.3729(17)  0.0123(22) 

aFor  Pb,  Uiso  is  the  equivalent  isotropic  value  calculated  from  the 
refined  anisotropic  values  [Uu  = 0.0253(7)  A  *,I/22= 0*0106(6) 
A  2.(733= 0.0059(3)  A \U]5= 0.0052(4)  A2). 

of  these  atoms  along  the  monociinic  [F00],  i.e.,  pseudocubic 
[110],  towards  their  0(2)  neighbors  in  adjacent  pseudocubic 
(110)  planes,  of  about  0.24  and  0.11  A,  respectively,  which 
corresponds  to  a  rotation  of  the  polar  axis  from  [001]  to¬ 
wards  pseudocubic  [111].  The  Pb  shifts  are  also  qualitatively 
consistent  with  the  local  shifts  of  Pb  along  the  tetragonal 
(110)  axes  inferred  from  the  results  of  model  II  in  Table  I, 
i.e..  about  0.2  A.  Thus  it  seems  very  plausible  that  the  mono¬ 
ciinic  phase  results  from  the  condensation  of  the  local  Pb 
displacements  in  the  tetragonal  phase  along  one  of  the  ( 1 10) 
directions. 

Some  selected  bond  distances  are  listed  in  Table  II.  The 
Zr/Ti-Od)  distances  are  much  the  same  as  in  the  tetragonal 
structure,  but  the  two  sets  of  Zr(Ti-0(2)  distances  are  signifi¬ 
cantly  different.  1.96  and  2.13  A.  compared  to  the  single  set 
at  2.04  A  in  the  tetragonal  structure.  Except  for  a  shortening 
in  the  Pb-O(l)  distance  from  2.71  to  2.60  A,  the  Pb  environ¬ 
ment  is  quite  similar  to  that  in  tiie  tetragonal  phase,  with  two 
close  0(2)  neighbors  at  2.46  A.  and  two  at  2.64  A. 


B.  Monociinic  structure  at  20  K 

As  discussed  above,  the  diffraction  data  at  20  K  can  be 
indexed  unambiguously  on  the  basis  of  a  monociinic  cell 
with  the  space  group  Cm.  In  this  case  Pb,  Zr/Ti,  and  0(1)  are 
in  2(a)  sites  at  (*,0,z),  and  0(2)  in  4 (b)  sites  at  (x,y^). 
Individual  isotropic  temperature  factors  were  assigned,  and 
Pb  was  fixed  at  (0,0,0).  For  monociinic  symmetry,  the  gen¬ 
eralized  expression  for  anisotropic  peak  broadening  contains 
nine  parameters,  but  when  all  of  these  were  allowed  to  vary 
the  refinement  was  slightly  unstable  and  did  not  completely 
converge.  After  several  tests  in  which  some  of  the  less  sig¬ 
nificant  values  were  fixed  at  zero,  satisfactory  convergence 
was  obtained  with  three  parameters  (/?wp=0.036,^“=  1 1.5). 
During  these  tests,  there  was  essentially  no  change  in  the 
refined  values  of  the  atomic  coordinates.  A  small  improve¬ 
ment  in  the  fit  was  obtained  when  anisotropic  temperature 
factors  were  assigned  to  Pb  (RWp  =  0.033, ^"  —  9.2).  The  final 
results  are  listed^ in  Table  in.  and  the  profile  fit  and  differ¬ 
ence  plot  are  shown  in  the  lower  pan  of  Fig.  6. 

From  an  inspection  of  the  results  in  Tables  I  and  HI.  it  can 
be  seen  that  the  displacements  of  the  Pb  and  Zr/Ti  atoms 
along  [001]  are  very  similar  to  those  in  the  tetragonal  phase 
at  325  K.  about  0.53  and  0.24  A.  respectively.  However,  in 
the  monociinic  phase  at  20  K.  there  are  also  significant  shifts 


V.  DISCUSSION 

In  the  previous  section,  we  have  shown  that  the  low- 
temperature  monociinic  structure  of  PbZro.52Tio.48O3  *s  de- 
rived  from  the  tetragonal  structure  by  shifts  of  the  Pb  and 
Zr/Ti  atoms  along  the  tetragonal  [110]  axis.  We  attribute  this 
phase  transition  to  the  condensation  of  local  ( 1 10)  shifts  of 
Pb  which  are  present  in  the  tetragonal  phase  along  one  of  the 
four  (110)  directions.  In  the  context  of  this  monociinic  struc¬ 
ture  it  is  instructive  to  consider  the  structural  model  for 
rhombohedral  PZT  compositions  with  x= 0.08-0.38  recently 
reported  by  Corker  el  alP  on  the  basis  of  neutron  powder 
diffraction  data  collected  at  room  temperature.  In  this  study 
and  also  an  earlier  study42  of  a  sample  with  *  =  0.1,  it  was 
found  that  satisfactory  refinements  could  only  be  achieved 
with  anisotropic  temperature  factors,  and  that  the  thermal 
ellipsoid  for  Pb  had  the  form  of  a  disk  perpendicular  to  the 
pseudocubic  [ill]  axis.  This  highly  unrealistic  situation  led 
them  to  propose  a  physically  much  more  plausible  model 
involving  local  displacements  for  the  Pb  atoms  of  about  0.25 
A  perpendicular  to  the  [III]  axis  and  a  much  smaller  and 
more  isotropic  thermal  ellipsoid  was  obtained.  Evidence  for 
local  shifts  of  Pb  atoms  in  PZT  ceramics  has  also  been  dem¬ 
onstrated  by  pair-distribution  function  analysis  by  Teslic  and 
co-workers.3 
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TABLE  IV.  Comparison  of  refined  values  of  atomic  coordinates  in  the  monoclinic  phase  with  the  corre¬ 
sponding  values  in  the  tetragonal  and  rhombohedral  phases  for  both  the  “ideal”  structures  and  those  with 
local  shifts,  as  discussed  in  text. 


tetragonal 

monoclinic 

rhombohedral  (Ref.  43) 

X- 

-0.48.  325  K 

*  =  0.48.  20  K 

*  =  0.40,  295  K 

ideal 

local  shifts  a 

as  refined 

local  shifts  b 

ideal 

*r  Zr/Ti 

0.500 

0.530 

0.523 

0.520 

0.540 

-Zr/Ti 

0.451 

0.451 

0.449 

0.420 

0.460 

*0(1) 

0.500 

0.530 

0.551 

0.547 

0.567 

-0(1) 

-0.103 

-0.103 

-0.099 

0.093 

-0.053 

■xO(2) 

0.250 

0.280 

0.288 

0.290 

0.310 

y  0(2) 

0.250 

0.250 

0.243 

0.257 

0.257 

~CX2) 

0.379 

0.379 

.  0.373 

0.393 

0.433 

a„(A  ) 

5.722 

5.722 

5.787 

M  A) 

5.722 

5.710 

5.755 

cm(  A) 

4.139 

4.137 

4.081 

an 

90.0 

90.50 

90.45 

tetragonal  local  shifts  of  (0.03,0.03,0). 
bHexagonal  local  shifts  of  (-0.02,0.02,0). 


We  now  consider  the  refined  values  of  the  Pb  atom  posi¬ 
tions  with  local  displacements  for  rhombohedral  PZT  listed 
in  Table  IV  of  Ref.  23.  With  the  use  of  the  appropriate  trans¬ 
formation  matrices,  it  is  straightforward  to  show  that  these 
shifts  correspond  to  displacements  of  0.2-0.25  A  along  the 
direction  of  the  monoclinic  [100]  axis,  similar  to  what  is 
actually  observed  for  x=0.48.  It  thus  seems  equally  plau¬ 
sible  that  the  monoclinic  phase  can  also  result  from  the  con¬ 
densation  of  local  displacements  perpendicular  to  the  [111] 
axis. 

The  monoclinic  structure  can  thus  be  pictured  as  provid¬ 
ing  a  “bridge’’  between  the  rhombohedral  and  tetragonal 
structures  in  the  region  of  the  MPB.  This  is  illustrated  in 
Table  IV,  which  compares  the  results  for  PZT  with  *=0.48 
obtained  in  the  present  study  with  earlier  results43  for  rhom¬ 
bohedral  PZT  with  jc  =  0.40  expressed  in  terms  of  the  mono¬ 
clinic  cell.44  For  x=0.48,  the  atomic  coordinates  for  Zr/Ti, 
0(1)  and  0(2)  are  listed  for  the  “ideal”  tetragonal  structure 
(model  I)  and  for  a  similar  structure  with  local  shifts  of 
(0.03,0.03,0)  in  the  first  two  columns,  and  for  the  monoclinic 
structure  in  the  third  column.  The  last  two  columns  describe 
the  rhombohedral  structure  for* =0.40  assuming  local  shifts 
of  (  —  0.02,0.02,0)  along  the  hexagonal  axes  and  the  as- 
refined  “ideal”  structure,  respectively.  It  is  clear  that  the 
condensation  of  these  local  shifts  gives  a  very  plausible  de¬ 
scription  of  the  monoclinic  structure  in  both  cases.  It  is  also 
interesting  to  note  the  behavior  of  the  corresponding  lattice 
parameters;  metrically  the  monoclinic  cell  is  very  similar  to 
the  tetragonal  cell  except  for  the  monoclinic  angle,  which  is 
close  to  that  of  the  rhombohedral  cell. 

Evidence  for  a  tetragonal-to-monoclinic  transition  in  the 
ferroelectric  material  PbFeo5Nb0503  has  also  been  reported 
by  Bonny  et  a/.45  from  single  crystal  and  synchrotron  x-ray 
powder  diffraction  measurements.  The  latter  data  show  a 
cubic-tetragonal  transition  at  —376  K.  and  a  second  transi¬ 
tion  at  —355  K.  Although  the  resolution  was  not  sufficient  to 
reveal  any  systematic  splitting  of  the  peaks,  it  was  concluded 
that  the  data  were  consistent  with  a  very  weak  monoclinic 


distortion  of  the  pseudorhombohedral  unit  cell.  In  a  recent 
neutron  and  x-ray  powder  study.  Lampis  et  al.46  have  shown 
that  Rierveld  refinement  gives  better  agreement  for  the 
monoclinic  structure  at  80  and  250  K  than  for  the  rhombo¬ 
hedral  one.  The  resulting  monoclinic  distortion  is  very  weak, 
and  the  large  thermal  factor  obtained  for  Pb  is  indicative  of  a 
high  degree  of  disorder. 

The  relationships  between  the  PZT  rhombohedral,  tetrag¬ 
onal  and  monoclinic  structures  are  also  shown  schematically 
in  Fig.  7,  in  which  the  displacements  of  the  Pb  atom  are 
shown  projected  on  the  pseudocubic  (110)  mirror  plane.  The 
four  locally  disordered  (110)  shifts  postulated  in  the  present 
paper  for  the  tetragonal  phase  are  shown  superimposed  on 
the  [001]  shift  at  the  left  [Fig.  7(a)]  and  the  three  locally 
disordered  (100)  shifts  proposed  by  Corker  et  alP  for  the 
rhombohedral  phase  are  shown  superimposed  on  the  [111] 


FIG.  7.  Schematic  illustration  of  the  tetragonal  (a),  monoclinic 
(b),  and  rhombohedral  (c)  distortions  of  the  perovskite  unit  cell 
projected  on  the  pseudocubic  (110)  plane.  The  solid  circles  repre¬ 
sent  the  observed  shifts  with  respect  to  the  ideal  cubic  structure. 
The  light  grey  circles  represent  the  four  locally  disordered  (100) 
shifts  in  the  tetragonal  structure  (a)  and  the  three  locally  disordered 
shifts  in  the  rhombohedral  structure  (c)  described  by  Corker  et  ai 
(Ref.  23).  The  heavy  dashed  arrows  represent  the  freezing-out  of 
one  of  these  shifts  to  give  the  monoclinic  observed  structure.  Note 
that  the  resultant  shifts  in  the  rhombohedral  structure  can  be  viewed 
as  a  combination  of  a  [111]  shift  with  local  (100)  shifts,  as  indi¬ 
cated  by  the  light  grey  arrows. 
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shift  at  the  right  [Fig.  7(c)].  It  can  be  seen  that  both  the 
condensation  of  the  [110]  shift  in  the  tetragonal  phase  and 
the  condensation  of  the  [001]  shift  in  the  rhombohedral 
phase  leads  to  the  observed  monoclinic  shift  shown  at  the 
center  [Fig.  7(b)].  We  note  that  although  Corker  et  al.  dis¬ 
cuss  their  results  in  terms  of  (100)  shifts  and  a  [111]  shift 
smaller  than  that  predicted  in  the  usual  refinement  procedure, 
they  can  be  equally  well  described  by  a  combination  of  shifts 
perpendicular  to  the  [111]  axis  and  the  [111]  shift  actually 
obtained  in  the  refinement,  as  is  evident  from  Fig.  7(c). 

We  conclude,  therefore,  that  the  FM  phase  establishes  a 
connection  between  the  PZT  phases  at  both  sides  of  the  MPB 
through  the  common  symmetry  element,  the  mirror  plane, 
and  suggest  that  there  is  not  really  a  morphotropic  phase 
boundary,  but  rather  a  “morphotropic  phase,”  connecting 
the  Ft  and  FR  phases  of  PZT.  In  the  monoclinic  phase  the 
difference  vector  between  the  positive  and  negative  centers 
of  charge  defines  the  polar  axis,  whose  orientation,  in  con¬ 
trast  to  the  case  of  the  FT  and  FR  phases,  cannot  be  deter¬ 
mined  on  symmetry  grounds  alone.  According  to  this,  from 
the  results  shown  in  Table  m,  the  polar  axis  in  the  mono¬ 
clinic  phase  is  found  to  be  tilted  about  24°  from  the  [001] 
axis  towards  the  [1 1 1]  axis.  This  structure  represents  the  first 
example  of  a  ferroelectric  material  with  P2X  —  P 2  P\ , 
( Px  .Py  ,P.)  being  the  Cartesian  components  of  the  polariza¬ 
tion  vector.  This  class  corresponds  to  the  so-called 
m3m(  12)A2Fm  type  predicted  by  Shuvalov.47  It  is  possible 
that  this  new  phase  is  one  of  the  rare  examples  of  a  two- 
dimensional  ferroelectric48  in  which  the  unit  cell  dipole  mo¬ 
ment  switches  within  a  plane  containing  the  polar  axis,  upon 
application  of  an  electric  field. 

This  Fm  phase  has  important  implications;  for  example,  it 
might  explain  the  well-known  shifts  of  the  anomalies  of 
many  physical  properties  with  respect  to  the  MPB  and  thus 
help  in  understanding  the  physical  properties  in  this  region, 
of  great  interest  from  the  applications  point  of  view.1  It  has 
been  found  that  the  maximum  values  of  d33  for  rhombohe¬ 
dral  PZT  with  x-  0.40  are  not  obtained  for  samples  polarized 
along  the  [111]  direction  but  along  a  direction  close  to  the 
perovskite  [001]  direction  49  This  points  out  the  intrinsic  im¬ 
portance  of  the  [001]  direction  in  perovskites,  whatever  the 
distortion  present  and  is  consistent  with  Corker  et  aV  s 
model  for  the  rhombohedral  phase,23  and  the  idea  of  the 
rhombohedral-tetragonal  transition  through  a  monoclinic 
phase. 


It  is  also  to  be  expected  that  other  systems  with  morpho¬ 
tropic  phase  boundaries  between  two  nonsymmetry-related 
phases  (e.g..  other  perovskites  or  tungsten-bronze  mixed  sys¬ 
tems)  may  show  similar  intermediate  phases.  In  fact,  an  in¬ 
dication  of  symmetry  lowering  at  the  MPB  of  the  PZN-PT 
system  has  been  recently  reported  by  Fujishiro  et  al.50  From 
a  different  point  of  view,  a  monoclinic  ferroelectric  perov¬ 
skite  also  represents  a  new  challenge  for  first-principles  theo¬ 
rists.  until  now  used  to  dealing  only  with  tetragonal,  rhom¬ 
bohedral  and  orthorhombic  perovskites. 

A  structural  analysis  of  several  other  PZT  compositions 
with  x  =  0.42-0.51  is  currently  in  progress  in  order  to  deter¬ 
mine  the  new  PZT  phase  diagram  more  precisely.  In  the 
preliminary  version  shown  in  Fig.  1  we  have  included  data 
for  a  sample  with  x  =  0.50  made  under  slightly  different 
conditions'2  at  the  Institute  of  Ceramic  and  Glass  (ICG)  in 
Madrid,  together  with  the  data  described  in  the  present  work 
for  a  sample  with  x=0.48  synthesized  in  the  Materials  Re¬ 
search  Laboratory  at  the  Pennsylvania  State  University 
(PSU).  As  can  be  seen  the  results  for  these  two  compositions 
show  consistent  behavior,  and  demonstrate  that  the  FM-FT 
phase  boundary  lies  along  the  MPB  of  Jaffe  et  al.  Prelimi¬ 
nary  results  for  a  sample  from  PSU  with  x  —  OAl  show  un¬ 
equivocally  that  the  monoclinic  features  are  present  at  300 
K.  However,  measurements  on  an  ICG  sample  with  the  same 
nominal  composition  do  not  show  monoclinicity  unambigu¬ 
ously.  but  instead  a  rather  complex  poorly  defined  region 
from  300-400  K  between  the  rhombohedral  and  tetragonal 
phases.22  The  extension  of  the  monoclinic  region  and  the 
location  of  the  FR-FM  phase  boundary  are  still  somewhat 
undefined,  although  it  is  clear  that  the  monoclinic  region  has 
a  narrower  composition  range  as  the  temperature  increases. 
The  existence  of  a  quadruple  point  in  the  PZT  phase  diagram 
is  an  interesting  possibility. 
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Origin  of  the  high  piezoelectric  response  in  PbZri_xTix03 
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High  resolution  x-ray  powder  diffraction  measurements  on  poled  PbZr1.xTix03  (PZT) 
ceramic  samples  close  to  the  rhombohedral-tetragonal  phase  boundary  (the  so-called 
morphotropic  phase  boundary,  MPB)  have  shown  that  for  both  rhombohedral  and  tetragonal 
compositions,  the  piezoelectric  elongation  of  the  unit  cell  does  not  occur  along  the  polar 
directions  but  along  those  directions  associated  with  the  monoclinic  distortion.  This  work 
provides  the  first  direct  evidence  for  the  origin  of  the  very  high  piezoelectricity  in  PZT. 


The  ferroelectric  PbZri  rTix0.3  (PZT)  system  has 
been  extensively  studied  because  of  its  interesting  phys¬ 
ical  properties  close  to  the  morphotropic  phase  bound¬ 
ary  (MPB),  the  nearly  vertical  phase  boundary  between 
the  tetragonal  and  rhombohedral  regions  of  the  phase 
diagram  close  to  x=  0.50,  where  the  material  exhibits 
outstanding  electromechanical  properties  [1].  The  ex¬ 
istence  of  directional  behavior  for  the  dielectric  and 
piezoelectric  response  functions  in  the  PZT  system  has 
been  predicted  by  Du  et  ai  2],  [3]  from  a  phenomeno¬ 
logical  approach  [4j.  These  authors  showed  that  for 
rhombohedral  compositions  the  piezoelectric  response 
should  be  larger  for  crystals  oriented  along  the  [00  lj 
direction  than  for  those  oriented  along  the  [111]  di¬ 
rection.  Experimental  confirmation  of  this  prediction 
was  obtained  [5,6.71  for  the  related  ferroelectric  relaxor 
system  PbZni/3Nbo/3-PbTiC>3  (PZN-PT),  which  has  a 
rhombohedral-to-tetragonal  MPB  similar  to  that  of  PZT. 
but  it  has  not  been  possible  to  verify  similar  behavior  :n 
PZT  due  to  the  lack  of  single  crystals.  Furthermore,  'ib 
initio  calculations  based  on  the  assumption  of  tetrago¬ 
nal  symmetry,  that  have  been  successful  for  calculating 
the  piezoelectric  properties  of  pure  PbTiCM  [8.9,10.11], 
were  unable  to  account  for  the  much  larger  piezoelectric 
response  in  PZT  compositions  close  to  the  MPB.  Thus, 
it  is  clear  that  the  current  theoretical  models  lack  some 
ingredient  which  is  crucial  to  understanding  the  striking 
piezoelectric  behavior  of  PZT. 

The  stable  monoclinic  phase  recently  discovered  in 
the  ferroelectric  PbZrj;  xTix03  system  (PZT)  close  to 
the  MPB  [12],  provides  a  new  perspective  to  view 
the  rhombohedral-to-tetragonal  phase  transformation  in 
PZT  and  in  other  systems  with  similar  phase  boundaries 
[131.  We  believe  that,  very  likely,  it  plays  a  key  role  in 
explaining  some  of  the  unsolved  puzzles  of  PZT.  The  po¬ 
lar  axis  of  this  monoclinic  phase  is  contained  in  the  (110) 
plane  along  a  direction  between  that  of  the  tetragonal 
and  rhombohedral  polar  axes  [12].  An  investigation  of 
several  compositions  around  the  MPB  has  suggested  a 
modification  of  the  PZT  phase  diagram  [1]  as  shown  in 
Fig.  l(top  right)  [13]. 


FIG.  1.  Schematic  view  of  the  PZT  phase  diagram  in  the 
vicinity  of  the  MPB  showing  the  monoclinic  region  (top  right). 
A  projection  of  the  rhombohedral  (top  left),  monoclinic  (bot¬ 
tom  left)  and  tetragonal  (bottom  right)  unit  cells  on  the 
pseudo-cubic  (110)  plane  is  sketched.  The  solid  circles  repre¬ 
sent  the  observed  lead  shifts  with  respect  to  the  ideal  cubic 
structure  and  the  grey  circles  the  locally-disordered  shifts, 
four  in  the  tetragonal  phase  and  three  in  the  rhombohedral 
phase.  The  heavy  dashed  arrows  represent  the  freezing-out  of 
one  of  these  shifts  to  give  the  observed  long-range  monoclinic 
structure  [13]. 

A  local  order  different  from  the  long-range  order  in  the 
rhombohedral  and  tetragonal  phases  has  been  proposed 
from  a  detailed  structural  data  analysis.  Based  on  this, 
a  model  has  been  constructed  in  which  the  monoclinic 
distortion  (Fig.  1,  bottom-left)  can  be  viewed  as  either 
a  condensation  along  one  of  the  (110)  directions  of  the 
local  displacements  present  in  the  tetragonal  phase  [13] 
(Fig.  1  bottom-right),  or  as  a  condensation  of  the  local 
displacements  along  one  of  the  (100)  directions  present  in 
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the  rhombohedral  phase  [14]  (Fig.  1  top-left).  The  mon¬ 
oclinic  structure,  therefore,  represents  a  bridge  between 
these  two  phases  and  provides  a  microscopic  picture  of 
the  MPB  region  [13]. 

In  the  present  work  experimental  evidence  of  an  en¬ 
hanced  elongation  along  [001]  for  rhombohedral  PZT  and 
along  [101]  for  tetragonal  PZT  ceramic  disks  revealed 
by  high- resolution  x-ray  diffraction  measurements  during 
and  after  the  application  of  an  electric  field  is  presented. 
This  experiment  was  originally  designed  to  address  the 
question  whether  poling  in  the  MPB  region  would  simply 
change  the  domain  population  in  the  ferroelectric  ma¬ 
terial.  or  whether  it  would  induce  a  permanent  change 
in  the  unit  cell.  As  shown  below,  from  measurements 
of  selected  peaks  in  the  diffraction  patterns,  a  series  of 
changes  in  the  peak  profiles  from  the  differently  oriented 
grains  are  revealed  which  provide  key  information  about 
the  PZT  problem. 

PbZrL  xTix03  ceramic  samples  with  x=  0.42,  0.45 
and  0.48  were  prepared  by  conventional  solid-state  re¬ 
action  techniques  using  high  purity  (better  than  99.9%) 
lead  carbonate,  zirconium  oxide  and  titanium  oxide  as 
starting  compounds.  Powders  were  calcined  at  900°C  for 
six  hours  and  recalcined  as  appropriate.  After  milling, 
sieving,  and  the  addition  of  the  binder,  the  pellets  were 
formed  by  uniaxial  cold  pressing.  After  burnout  of  the 
binder,  the  pellets  were  sintered  at  1250°C  in  a  covered 
crucible  for  2  hours,  and  furnace-cooled.  During  sinter¬ 
ing,  PbZrO.3  was  used  as  a  lead  source  in  the  crucible 
to  minimize  volatilization  of  lead.  The  sintered  ceramic 
samples  of  about  1  cm  diameter  were  ground  to  give  par¬ 
allel  plates  of  1  mm  thickness,  and  polished  with  1  tim 
diamond  paste  to  a  smooth  surface  finish.  To  eliminate 
strains  caused  by  grinding  and  polishing,  samples  were 
annealed  in  air  at  550°C  for  five  hours  and  then  slow- 
cooled.  Silver  electrodes  were  applied  to  both  surfaces  of 
the  annealed  ceramic  samples  and  air-dried.  Disks  of  all 
compositions  were  poled  under  a  DC  field  of  20  kV/cm  at 
125°C  for  10  minutes  and  then  field-cooled  to  near  room 
temperature.  The  electrodes  were  then  removed  chem¬ 
ically  from  the  x=  0.42  and  0.48  samples.  For  the  x= 
0.45  sample  (which  had  been  ground  to  a  smaller  thick¬ 
ness.  about  0.3  mm),  the  electrodes  were  retained,  so  that 
diffraction  measurements  could  be  carried  out  under  an 
electric  field. 

Several  sets  of  high-resolution  synchrotron  x-ray  pow¬ 
der  diffraction  measurements  were  made  at  beam  line 
X7A  at  the  Brookhaven  National  Synchrotron  Light 
Source.  A  Ge(lll)  double-crystal  monochromator  was 
used  in  combination  with  a  Ge(220)  analyser,  with  a 
wavelength  of  about  0.8  A  in  each  case.  In  this  configu¬ 
ration.  the  instrumental  resolution,  A29.  is  an  order-of- 
magnituae  better  than  that  of  a  conventional  laboratory 
instrument  (better  than  0.01°  in  the  29  region  0-30°). 
The  poled  and  unpoled  pellets  were  mounted  in  sym¬ 
metric  reflection  geometry  and  scans  made  over  selected 


peaks  in  the  low-angle  region  of  the  pattern.  It  should 
be  noted  that  since  lead  is  strongly  absorbing,  the  pene¬ 
tration  depth  below  the  surface  of  the  pellet  at  29  —  20° 
is  only  about  2  jxm.  In  the  case  of  the  x=  0.45  sample, 
the  diffraction  measurements  were  carried  out  with  an 
electric  field  applied  in-sit u  via  the  silver  electrodes. 


PbZr,xTip3 

(111)  (200)  (220) 


FIG.  2.  Comparison  of  (111),  (200)  and  (220)  pseudo-cubic 
reflections  for  the  x=  0.48  (tetragonal),  and  x=  0.42  (rhom¬ 
bohedral)  PZT  compositions  before  and  after  poling 

Powder  diffraction  measurements  on  a  flat  plate  in 
symmetric  reflection,  in  which  both  the  incident  and  the 
diffracted  wave  vectors  are  at  the  same  angle,  9 ,  with 
the  sample  plate,  ensures  that  the  scattering  vectors  are 
perpendicular  to  the  sample  surface.  Thus  only  crys¬ 
tallites  with  their  scattering  vector  parallel  to  the  ap¬ 
plied  electric  field  are  sampled.  Scans  over  selected  re¬ 
gions  of  the  diffractogram.  containing  the  (111),  (200) 
and  (220)  pseudo-cubic  reflections,  are  plotted  in  Fig. 2 
for  poled  and  unpoled  PZT  samples  with  the  composi¬ 
tions  x=  0.48  (top)  and  x=  0.42  (bottom),  which  are  in 
the  tetragonal  and  rhombohedral  region  of  the  phase  di¬ 
agram,  respectively.  The  diffraction  profiles  of  the  poled 
and  unpoled  samples  show  very  distinctive  features.  For 
the  tetragonal  composition  (top),  the  (200)  pseudo-cubic 
reflection  (center)  shows  a  large  increase  in  the  tetrag¬ 
onal  (002)/ (200)  intensity  ratio  after  poling  due  to  the 
change  in  the  domain  population,  which  is  also  reflected 
in  the  increased  (202)/(220)  intensity  ratio  in  the  right 
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side  of  the  figure.  In  the  rhombohedral  composition  with 
x=  0.42  (bottom  of  Fig. 2),  the  expected  change  in  the 
domain  population  can  be  observed  from  the  change  of 
the  intensity  ratios  of  the  rhombohedral  (111)  and  (111) 
reflections  (left  side  )  and  the  (220)  and  (220)  reflections 
(right  side). 

In  addition  to  the  intensity  changes,  the  diffraction 
patterns  of  the  poled  samples  show  explicit  changes  in 
the  peak  positions  with  respect  to  the  unpoled  samples, 
corresponding  to  specific  alterations  in  the  unit  cell  di¬ 
mensions.  In  the  rhombohedral  case  (x=  0.42),  the  elec¬ 
tric  field  produces  no  shift  in  the  (111)  peak  position  (see 
bottom-left  plot  in  Fig. 2),  indicating  the  absence  of  any 
elongation  along  the  polar  directions  after  the  applica¬ 
tion  of  the  field.  In  contrast,  the  poling  does  produce  a 
notable  shift  of  the  (001)  reflections  (center  plot),  which 
corresponds  to  a  very  significant  change  of  d-spacing, 
with  Ad/d  =  0.32%,  Ad/d  being  defined  as  (dp  du)/du, 
where  dP  and  du  are  the  d-spacings  of  the  poled  and  un¬ 
poled  samples,  respectively.  This  provides  experimental 
confirmation  of  the  behavior  predicted  by  Du  et  al.  [3]  for 
rhombohedral  PZT,  as  mentioned  above.  The  induced 
change  in  the  dimensions  of  the  unit  cell  is  also  reflected 
as  a  smaller  shift  in  the  (202)  reflection  (right  side  plot), 
corresponding  to  a  Ad/d  along  [101]  of  0.12%. 

PbZro55Tio.45°; 
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FIG.  3.  ''Ill),  (200)  and  (220)  pseudocubic  reflections  for 
PZT  with  x=  0.45  measured  on  an  unpoled  sample  (open  cir¬ 
cles)  and  on  a  similar  sample  after  the  application  and  removal 
of  a  field  of  59  kV/cm  at  room  temperature  (solid  circles)  are 
plotted  in  the  upper  part  of  the  figure.  The  scattered  inten¬ 
sity  at  26  =  19.52°  from  the  second  sample  corresponds  to  the 
(111)  reflection  from  the  silver  electrode.  Measurements  on 
the  latter  sample  under  an  electric  field  of  59  kV/cm  applied 
in  situ  are  plotted  in  the  lower  part  of  the  figure. 


In  the  tetragonal  case  for  x=  0.48  (top  of  Fig.2),  there 
is  no  peak  shift  observed  along  the  polar  [001]  direction 
(center  plot),  but  the  (202)  and  the  (111)  reflections  ex¬ 
hibit  striking  shifts  (right  and  left  sides,  respectively). 
Furthermore,  this  composition,  which  at  room  tempera¬ 
ture  is  just  at  the  monoclinic-tetragonai  phase  boundary, 
show's,  after  poling,  a  clear  tendency  towards  monoclinic 
symmetry,  in  that  the  (111)  and  (202)  reflections,  already 
noticeably  broadened  in  the  unpoled  sample  and  indica¬ 
tive  of  an  incipient  monociinicity.  are  split  after  poling. 
These  data  clearly  demonstrate,  therefore,  that  whereas 
the  changes  induced  in  the  unit  ceil  after  the  application 
of  an  electric  field  do  not  increase  either  the  rhombo¬ 
hedral  or  the  tetragonal  strains,  a  definite  elongation  is 
induced  along  those  directions  associated  with  the  mon¬ 
oclinic  distortion. 

In  addition  to  the  measurements  on  the  poled  and  un¬ 
poled  samples,  diffraction  measurements  were  performed 
in  situ  on  the  rhombohedral  PZT  sample  with  x=  0.45  as 
a  function  of  applied  electric  field  at  room  temperature. 
The  results  are  shown  in  Fig.3  where  the  (111),  (200) 
and  (220)  pseudo-cubic  reflections  are  plotted  with  no 
field  applied  (top)  and  with  an  applied  field  of  59  kV/cm 
field  bottom).  The  top  part  of  the  figure  also  shows 
data  taken  after  removal  of  the  field.  As  can  be  seen, 
measurements  with  the  field  applied  show  no  shift  along 
the  polar  [111]  direction  but,  in  contrast,  there  is  a  sub¬ 
stantial  shift  along  the  [001]  direction  similar  to  that  for 
the  poled  sample  with  x=  0.42  shown  in  Fig.  2,  proving 
that  the  unit  cell  elongation  induced  by  the  application 
of  a  field  during  the  poling  process  corresponds  to  the 
piezoelectric  effect  induced  by  the  in-situ  application  of 
a  field.  Comparison  of  the  two  sets  of  data  for  x=  0.45 
before  and  after  the  application  of  the  field  shows  that 
the  poling  effect  of  the  electric  field  at  room  temperature 
is  partially  retained  after  the  field  is  removed,  although 
the  poling  is  not  as  pronounced  as  for  the  x=  0.42  sample 
in  Fig.  2. 

A  quantification  of  the  induced  microstrain  along  the 
different  directions  has  been  made  by  measuring  the  peak 
shifts  under  fields  of  31  and  59  kV/cm.  In  Fig.  4.  A  d/d  is 
plotted  versus  the  applied  field.  E.  for  the  (200)  and  (111) 
reflections.  These  data  show  an  approximately  linear  in¬ 
crease  in  A  d/d  for  (200)  with  field,  with  A  d/d  =  0.30% 
at  59  kV/cm.  corresponding  to  a  piezoelectric  coefficient 
da 3^  500  pm/V,  but  essentially  no  change  in  the  d- 
spacing  for  (111). 

It  is  interesting  to  compare  in  Fig. 4  the  results  of 
dilatometric  measurements  of  the  macroscopic  linear 
elongation  (A l /l)  on  the  same  pellet,  which  must  also  re¬ 
flect  the  effects  of  domain  reorientation.  At  higher  fields, 
this  contribution  diminishes  and  one  could  expect  the 
A///  vs.  E  curve  to  fall  off  between  those  for  the  [100] 
and  [111]  oriented  grains,  typical  of  the  strain  behaviour 
of  polycrvstalline  ceramics  [15].  Although  such  a  trend 
is  seen  above  30  kV/cm.  it  is  intriguing  to  note  that  be- 
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low  this  value,  the  macroscopic  behavior  is  essentially  the 
same  as  the  microscopic  behavior  for  the  (200)  reflection. 


FIG.  4.  Fractional  change  of  d-spacing,  Ad/d  for  PZT  with 
x=  0.45  from  the  rhombohedral  (200)  and  (111)  reflections 
as  a  function  of  electric  field  (closed  symbols).  Dilatometric 
measurements  of  the  macroscopic  Al/l  for  the  same  pellet  are 
also  shown  (open  circles) 

We  therefore  conclude  that  the  piezoelectric  strain  in 
PZT  close  to  the  morphotropic  phase  boundary,  which 
produces  such  striking  electromechanical  properties,  is 
not  along  the  polar  directions  associated  with  the  mon¬ 
oclinic  distortion.  This  supports  a  model  based  of  the 
existence  of  local  monoclinic  shifts  superimposed  on 
the  rhombohedral  and  tetragonal  displacements  in  PZT 
which  has  been  proposed  from  a  detailed  structural  anal¬ 
ysis  of  tetragonal  [13]  and  rhombohedral  [14]  PZT  sam¬ 
ples. 

As  demonstrated  above,  these  high  resolution  powder 
data  provide  key  information  to  understanding  the  piezo¬ 
electric  effect  in  PZT.  In  particular,  they  allow  an  ac¬ 
curate  determination  of  the  elongation  of  the  unit  cell 
along  the  direction  of  the  electric  field,  although  they 
give  no  information  about  the  dimensional  changes  oc¬ 
curring  along  the  perpendicular  directions,  which  would 
give  a  more  complete  characterization  of  the  new  struc¬ 
ture  induced  by  the  electric  field.  It  is  interesting  to  note 
that  in  the  case  of  the  related  ferroelectric  system  PZN- 
PT,  the  availability  of  single  crystals  has  allowed  Durbin 
et  al .  '7 1  to  carry  out  diffraction  experiments  along  simi¬ 
lar  lines  at  a  laboratory  x-ray  source.  Synchrotron  x-ray 
experiments  by  the  present  authors  are  currently  being 
undertaken  on  PZN-PT  single  crystals  with  Ti  content 
of  4.5  and  8%  under  an  electric  held,  and  also  on  other 
ceramic  PZT  samples.  Preliminary  results  on  samples 
with  x=  0.46  and  0.47,  which  are  monociinic  at  room 
temperature,  have  already  been  obtained.  In  these  cases, 
the  changes  of  the  powder  profiles  induced  by  poling  are 
so  drastic  that  further  work  is  needed  in  order  to  achieve 
a  proper  interpretation. 
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Abstract — In  lead  zirconate  titanate  piezoceramics,  ex¬ 
ternal  stresses  can  cause  substantial  changes  in  the  piezo¬ 
electric  coefficients,  dielectric  constant,  and  elastic  compli¬ 
ance  due  to  nonlinear  effects  and  stress  depoling  effects. 
In  both  soft  and  hard  PZT  piezoceramics,  the  aging  can 
produce  a  memory  effect  that  will  facilitate  the  recovery  of 
the  poled  state  in  the  ceramics  from  momentary  electric  or 
stress  depoling.  In  hard  PZT  ceramics,  the  local  defect  fields 
built  up  during  the  aging  process  can  stabilize  the  ceramic 
against  external  stress  depoling  that  results  in  a  marked  in¬ 
crease  in  the  piezoelectric  coefficient  and  electromechanical 
coupling  factor  in  the  ceramic  under  the  stress.  Although 
soft  PZT  ceramics  can  be  easily  stress  depoled  (losing  piezo¬ 
electricity),  a  DC  bias  electric  field,  parallel  to  the  original 
poling  direction,  can  be  employed  to  maintain  the  ceramic 
poling  state  so  that  the  ceramic  can  be  used  to  high  stresses 
without  depoling. 

I.  Introduction 

Piezoelectric  ceramics,  especially  lead  zirconate  ti¬ 
tanate  ceramics  (PZT),  are  widely  used  in  electrome¬ 
chanical  actuators,  sensors,  and  transducers  [1],  [2].  In 
these  applications,  piezoceramics  often  are  subjected  to 
high  mechanical  stress.  For  instance,  in  high  power  un¬ 
derwater  transducers,  a  high  compressive  stress  is  used  to 
prestress  the  piezoceramic  so  that  even  at  high  electric 
driving  fields,  the  ceramic  is  still  in  a  compressive  state. 
Because  ceramics  inherently  have  a  much  higher  mechan¬ 
ical  strength  under  compressive  stresses  compared  with 
extensive  stresses,  prestress  can  improve  the  reliability  of 
a  ceramic  transducer  or  actuator  significantly  [1].  Due  to 
nonlinear  effects,  one  of  the  direct  consequences  of  the  high 
mechanical  stress  is  the  change  of  material  properties  from 
their  stress-free  values  [3]-[7].  In  addition,  the  piezoelectric 
state  in  PZT  ceramics  is  a  result  of  poling  of  the  ceramic. 
When  a  high  mechanical  stress  is  applied  to  the  ceramic, 
it  will  reorient  the  polarization  directions  at  each  grain 
and  may  cause  depoling  of  the  piezoceramic  [8]— [10] .  This 
will  certainly  impose  a  limit  on  the  maximum  stress  level 
that  can  be  applied  to  a  piezoceramic.  Therefore,  in  order 
to  properly  utilize  these  piezoceramics  in  various  actuator 
and  transducer  applications,  the  nonlinear  behavior  under 
stress  and  limiting  stress  field  should  be  studied  in  these 
ceramics. 
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In  studying  the  effect  of  mechanical  stresses  on  the  re¬ 
sponses  of  PZT  piezoceramics,  it  is  also  important  to  real¬ 
ize  that  aging  and  deaging  processes  may  play  a  significant 
role  in  modifying  the  material  properties  [11],  [12].  Aging 
in  PZT  ceramics  is  a  process  of  slow  and  spontaneous  evo¬ 
lution  of  the  material  properties  with  time  after  it  is  forced 
to  a  new  state  due  to  poling,  large  change  of  temperature, 
or  subject  to  a  high  mechanical  stress.  For  instance,  after 
poling,  mechanical  stresses  and  charge  imbalance  at  grain 
boundaries  exist  due  to  the  redirection  of  the  polarization 
at  each  domain  to  be  close  to  the  poling  direction  in  the 
poling  process.  A  slow  reorientation  of  domains  after  pol¬ 
ing  will  reduce  the  mechanical  stress  at  grain  boundaries: 
this  plus  drafting  of  space  charges  also  will  compensate 
for  the  charge  imbalance  to  minimize  the  elastic  and  elec¬ 
tric  free  energy  in  the  ceramics)  [11].  [12].  Correspondingly, 
there  is  a  reduction  of  the  piezoelectric,  dielectric,  and  elas¬ 
tic  compliance  due  to  the  stabilization  of  the  domain  con¬ 
figuration  through  the  aging,  a  well-known  phenomenon 
that  occurs  in  both  soft  and  hard  PZT  ceramics.  In  ad¬ 
dition.  commercial  PZT  piezoceramics  are  either  acceptor 
(such  as  Fe,  Co,  Mn,  Cr,  etc.)  or  donor  (such  as  La.  Nb, 
Sb.  etc.)  doped  to  improve  the  material  performance  [2]. 
The  dopants  will  induce  either  oxygen  or  lead  vacancies 
in  the  lattice,  forming  mobile  or  immobile  charged  defects 
such  as  dipoles  as  well  as  local  stress  fields  [2],  [13].  The 
mobile  charged  defects  will  align  themselves  to  the  polar 
direction  of  the  domain  they  reside  to  build  local  fields 
that,  in  turn,  stabilize  a  domain  configuration  to  form  so- 
called  hard  PZT.  Immobile  defects  cause  frustration  in  the 
domains  to  form  soft  PZT  [2].  [13].  Hence,  in  hard  PZT  ce¬ 
ramics,  there  is  a  second  aging  process  associated  with  the 
reorientation  of  the  mobile  charged  defects.  After  a  long 
time  aging,  a  PZT  ceramic  will  reach  a  state  in  which  its 
properties  do  not  show  much  change  with  time  when  exter¬ 
nal  conditions  remain  unchanged  and  the  ceramic  is  in  an 
aged  state  (or  aged).  If  an  aged  PZT  ceramic  is  forced  to 
change  to  another  state  by  external  fields  (stress  or  elec¬ 
tric  field)  or  large  temperature  variation,  a  new  domain 
configuration  will  form  that  may  not  be  compatible  with 
the  established  grain  boundary  conditions  and  local  de¬ 
fect  fields  (in  hard  PZT).  Correspondingly,  the  material  is 
in  a  metastable  state  (deaged),  yielding  higher  dielectric 
constant,  piezoelectric  coefficients,  and  elastic  compliance. 

In  this  paper,  we  report  the  effect  of  uniaxial  compres¬ 
sive  stress,  applied  parallel  to  the  initial  poling  direction, 
on  the  piezoelectric  coefficient,  dielectric  constant,  and 


0885-3010/99S10.00  ©  1999  IEEE 


ZHANG  AND  ZHAO:  PIEZOCERAMICS  AND  MECHANICAL  STRESS 


1519 


TABLE  I 

The  properties  of  PZT  piezoceramics  under-stress  free 

CONDITION. 


Material 

PZT-5H 

PZT-5A 

PZT-4 

PZT-8 

<*33 1 

593 

374 

296 

225 

<*31 

-274 

-171 

-123 

-97 

3400 

1700 

1300 

1000 

533 

20.7 

18.8 

15.5 

13.9 

513 

-8.45 

-7.22 

-5.31 

-4.6 

5ll 

16.5 

16.4 

12.3 

11.1 

^33 

0.75 

0.7 

0.7 

0.64 

^31 

0.39 

0.34 

0.33 

0.3 

ld  =  pC/N,  5  =  10“12  m2/N,  K33  =  e33/eou 
where  £0  is  the  vacuum  permittivity. 


elastic  compliance  of  PZT  piezoceramics.  For  soft  PZT 
ceramics,  the  effect  of  limiting  stress  level  on  the  piezo¬ 
electric  coefficients  and  the  DC  electric  bias  field  to  stabi¬ 
lize  the  polarization  against  the  stress  depoling  were  also 
evaluated.  For  hard  PZT  ceramics,  the  aging  of  the  piezo¬ 
electric  coefficient  under  a  constant  stress  was  measured. 
In  addition,  we  also  compared  the  polarization  hysteresis 
loops  of  PZT  ceramics  investigated  here  in  both  aged  and 
fresh  (deaged)  specimens  to  quantify  the  effect  of  aging  on 
these  ceramics. 


II.  Experiments 

The  PZT  ceramic  samples  selected  for  the  study  are 
PZT-5H.  PZT-5A,  PZT-4.  and  PZT-8.1  PZT-5H  and  PZT- 
5A  are  donor  doped  (La  in  PZT-5H  and  Nb  in  PZT- 
5A).  PZT-4  and  PZT-8  are  acceptor  doped  (Cr  in  PZT- 
4  and  Fe  and  Mn  in  PZT-8).  PZT-5H  and  PZT-5A  are 
soft-type  PZT  that  have  high  piezoelectric,  dielectric,  and 
elastic  compliance.  PZT-4  and  PZT-8  are  hard-type  PZT 
that  have  relatively  low  piezoelectric,  dielectric,  and  elastic 
compliance.  For  convenience,  the  relevant  parameters  for 
these  materials  (aged)  at  stress  free  conditions  are  listed 
in  Table  I. 

For  a  piezoelectric  ceramic  material,  the  relevant  pa¬ 
rameters  are  defined  by  the  constitutive  equations2: 

Di  —  zJjEj  +  dtinTm  (la) 

Sk  -  djkEj  +  skmTm  (lb) 

where  Di  is  the  electric  displacement,  E3  is  the  applied 
electric  field,  Sk  is  the  strain  component,  and  Tm  is  the 
stress  component  (i,j  =  1-3,  and  m,k  —  1  —  6).  The 
proportional  coefficients  efj.  dfm ,  dcjk ,  and  skm  are  the  di¬ 
electric  permittivity,  the  piezoelectric  coefficients  of  the 
direct  and  converse  effects,  and  the  elastic  compliance,  re¬ 
spectively.  In  PZT  piezoceramics,  even  under  high  external 
stress  cycles,  and  for  both  fully  poled  and  partially  poled 

1 PZT-5H.  PZT-5A,  PZT-4.  and  PZT-8  are  the  trade  marks  of  Mor¬ 
gan  Matroc.  Inc.,  Bedford.  OH.  for  its  PZT  piezoceramics. 

2IEEE  Standard  on  Piezoelectricity,  ANSI/IEEE,  Std.  176.  1988. 


ceramics  the  direct  and  converse  piezoelectric  coefficients 
are  approximately  equal  to  each  other  and,  therefore,  they 
will  not  be  distinguished  here  [10].  As  mentioned  in  the 
introduction,  these  parameters  will  change  with  applied 
mechanical  stress  that  will  be  investigated. 

The  details  of  the  experimental  set-up  that  provides 
required  uniaxial  stress  have  been  described  in  another 
publication  [10].  It  is  a  modified  Universal  Test  Machine 
(UTM.  Series  1101  from  ATS)  in  which  a  multilayer  ce¬ 
ramic  actuator  and  a  feedback  control  loop  were  added. 
The  function  of  this  added  unit  is  to  provide  a  precise  con¬ 
trol  of  the  stress  level  on  the  test  specimen  over  a  broad 
frequency  range  [10].  The  dimensions  of  the  test  specimen 
in  the  mechanical  stress  experiment  were  4.8  *4.8  *5  mm3. 
In  order  to  satisfy  the  requirement  that  the  length  of  the 
sample  should  be  at  least  three  times  longer  than  the  lat¬ 
eral  dimension  to  ensure  a  uniaxial  stress  condition,  three 
ceramic  samples  were  stacked  together  to  form  a  test  sam¬ 
ple  assembly  of  dimensions  4.8  *  4.8  *  15  mm3.  To  further 
reduce  the  end  clamping  effect  in  the  lateral  directions  on 
the  experimental  result,  the  data  were  taken  from  the  sam¬ 
ple  at  the  middle  when  all  three  sections  were  subjected  to 
the  same  driving  conditions.  For  example,  for  ef3 3  and  d3 1 
measurement,  the  same  voltage  was  applied  to  the  three 
sections  and  only  the  strain  response  at  the  middle  sec¬ 
tion  was  taken.  An  experiment  also  was  conducted  with 
five  ceramic  cubes  stacked  together  to  have  a  dimension  of 
test  sample  assembly  of  4.8  *  4.8  *  25  mm3,  and  the  strain 
responses  from  the  three  middle  sections  were  measured. 
The  results  showed  that,  within  the  experimental  error 
(5%),  the  field-induced  strains  from  the  three  middle  sec¬ 
tions  are  nearly  the  same  and  are  equal  to  that  measured 
from  the  sample  in  the  middle  section  of  the  three  section 
stack,  which  indicates  that  the  middle  section  sample  in 
the  three  section  stack  can  be  regarded  as  in  a  uniaxial 
stress  state. 

The  polarization  hysteresis  loop  was  measured  by  a 
standard  Sawyer-Tower  circuit  at  10  Hz.  The  dielectric 
constant  was  measured  using  a  multi-frequency  LCR  me¬ 
ter  (HP  model  4192A).  The  strain  response  of  the  samples 
was  measured  by  a  strain  gauge  (KYOWA  KFR-02-120- 
Cl-Il).  To  improve  the  signal- to- noise  ratio,  the  voltage 
signal  from  the  strain  gauge  amplifier  was  measured  by  a 
phase-sensitive  detector  (a  lock-in  amplifier). 

For  the  dielectric  constant  and  dij  measurement,  the 
results  did  not  crucially  depend  on  the  alignment  of  the 
specimen.  However,  for  sfj  measurement,  a  large  error  may 
occur  even  for  a  very  small  misalignment  of  the  sample  (the 
stress  was  not  uniformly  applied  to  the  test  sample)  or  if 
the  sample  was  not  prepared  properly  so  that  the  two  faces 
that  were  subjected  to  the  stress  were  not  exactly  parallel 
to  each  other.  A  special  sample  holder  was  designed  to 
ensure  a  proper  alignment  of  the  test  samples,  and  two 
strain  gauges  were  attached  to  the  opposite  faces  of  the 
specimen  to  monitor  the  strain  responses. 

The  results  on  the  dielectric  constant,  piezoelectric  coef¬ 
ficient,  and  elastic  compliance  were  acquired  at  room  tem¬ 
perature  and  a  frequency  of  10  Hz.  On  change  of  the  stress 
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level,  a  finite  time  period  is  expected  for  the  material  to 
reach  a  new  equilibrium  state  (aging).  Most  of  the  changes 
of  the  data  occurred  during  the  first  5  minutes  after  the 
change  of  the  DC  stress  level  We  also  examined  several 
samples  under  a  longer  waiting  period  and  found  that  there 
was  not  marked  change  in  the  weak  signal  properties  be¬ 
tween  the  data  taken  after  10  minutes  and  after  1  day.  This 
relatively  fast  aging  is  associated  with  the  change  due  to 
the  grain  boundary  stress  and  charge  imbalance,  and  it  oc¬ 
curs  in  both  soft  and  hard  PZT  ceramics.  For  hard  PZT. 
there  is  an  additional  aging  process  that  takes  a  much 
longer  time  associated  with  the  reorientation  of  local  de¬ 
fect  dipoles  (several  weeks  or  longer).  Hence,  in  order  to 
earn*  out  a  meaningful  measurement  within  a  reasonable 
time  frame,  except  otherwise  stated,  the  data  were  taken 
10-15  minutes  after  the  change  of  the  stress  level.  To  il¬ 
lustrate  the  effect  of  aging  of  hard  PZT  under  stress  on 
the  properties  measured,  a  long-time  aging  experiment  (1 
month)  also  was  carried  out.  and  the  results  are  reported. 
The  results  reported  here  on  the  dielectric  constant,  piezo¬ 
electric  coefficient,  and  elastic  compliance  were  taken  from 
the  first  stress  cycle. 

III.  Results  and  Discussion 

.4.  The  Polarization  Hysteresis  Loops  in 
Soft  and  Hard  PZT  Ceramics 

To  a  large  extent,  the  properties  of  PZT  piezoceramics 
are  determined  by  the  state  of  the  ceramic  after  poling. 
Aging  results  in  a  change  in  electromechanical  properties 
of  PZT  ceramics  after  poling  [11].  Thus,  poled  states  of 
aged  and  fresh  (deaged)  specimens  were  first  investigated 
in  terms  of  their  polarization  hysteresis  loops. 

Fig.  1  presents  the  polarization  hysteresis  loops  for  aged 
PZT  ceramics  recorded  from  the  first  few  cycles.  These  are 
the  samples  obtained  from  the  manufacturer  and  are  aged 
for  more  than  6  months.  One  interesting  feature  common 
to  all  the  specimens,  both  soft  and  hard  PZT,  is  that  the 
switching  field  back  to  the  original  poling  direction  in  aged 
samples  after  field  depoling  is  zero,  indicating  a  memory 
effect  in  these  ceramics.  For  soft  PZT  ceramics,  it  took  sev¬ 
eral  hundred  cycles  to  remove  this  memory  effect;  for  hard 
PZT.  it  took  many  more  cycles  due  to  the  inherent  sta¬ 
bility  of  the  local  defect  fields  developed  during  the  aging 
[14].  We  did  not  pursue  this  beyond  a  thousand  cycles  for 
hard  PZT:  after  that  the  ceramic  remained  in  a  strongly 
internal  biased  state.  In  addition,  the  depoling  field  for 
these  aged  hard  PZT  ceramics  is  much  higher  than  that 
of  soft  PZT.  a  manifestation  of  the  existence  of  local  bias 
fields  to  stabilize  the  domain  orientation  against  external 
fields  to  depole  the  ceramic. 

In  contrast,  the  polarization  hysteresis  loops  for  the 
same  PZT  ceramics  but  deaged  exhibit  a  symmetric  loop 
as  shown  in  Fig.  2.  The  deaged  (fresh)  samples  were  pre¬ 
pared  by  heating  the  aged  PZT  ceramic  to  above  400° C. 
which  is  above  the  Curie  point  of  all  the  ceramics,  for  more 


TABLE  II 

Coercive  field  of  thermally  deaged  PZT  ceramics. 


Material 

PZT-5H 

PZT-oA 

PZT-4 

PZT-8 

Ec  (kV'cm) 

9 

14 

12 

15 

than  1  day.  As  shown  in  Table  II.  the  coercive  field  Ec  of 
hard  PZT  in  these  deaged  specimens  is  not  higher  than 
that  in  soft  PZT. 

Compared  with  the  data  in  Figs.  1  and  2.  the  depol¬ 
ing  field  in  aged  soft  PZT  ceramics  is  nearly  equal  to 
the  coercive  field  in  deaged  samples  that  result  in  a  much 
narrower  hysteresis  loop  in  aged  samples  compared  with 
deaged  samples.  For  aged  hard  PZT  ceramics,  the  depoling 
field  is  not  well  defined,  and  there  are  no  sharp  switching 
field,  indicating  a  broad  distribution  of  the  local  defect 
field  strength. 

Therefore,  aged  PZT  piezoceramic  can  be  depoled  elec¬ 
trically  or  mechanically  momentarily  without  losing  sub¬ 
stantially  the  polarization  and  piezoelectric  activity  after 
removing  these  fields.  The  observed  uhard”  PZT  behav¬ 
ior  in  aged  samples  is  mainly  due  to  the  alignment  of  local 
charged  defects  within  grains  that  apparently  have  a  much 
stronger  effect  on  the  material  responses  than  that  caused 
by  the  space  charge  accumulated  and  stress  compatibility 
established  at  the  grain  boundaries  through  the  aging. 

B.  The  Compressive  Stress  T^  on  the 
Electromechanical  Properties  of  Soft  PZT  Ceramics 

The  stress  dependence  of  c/33  and  d3i,  iv33  (dielectric 
constant  =  £“33/^0?  where  £0  is  the  vacuum  permittivity) 
is  shown  in  Fig.  3  and  4.  and  sf3  and  s31  for  PZT-5H  and 
PZT-5A  (the  data  were  acquired  when  the  stress  was  main¬ 
tained).  A  one-stress  cycle  (from  0  to  150  MPa  and  back 
to  0)  took  about  8  to  10  hours.  Apparently,  for  soft  PZT 
there  is  a  large  drop  of  the  piezoelectric  coefficients  with 
stress  at  a  stress  level  above  about  50  MPa.  As  the  field  is 
reduced  to  zero  after  reaching  150  MPa,  the  piezoelectric 
coefficients  become  much  smaller  than  those  in  the  origi¬ 
nally  aged  samples,  indicating  a  partial  depoling  in  these 
ceramics  [91  Similarly,  in  these  partially  depoled  samples, 
the  elastic  compliance  also  becomes  smaller,  and  the  di¬ 
electric  constant  does  not  show  much  change. 

The  experimental  results  reveal  that  soft  PZT  ceram¬ 
ics  can  be  depoled  easily  by  the  compressive  mechanical 
stress  r3.  However,  soft  PZT  ceramics  are  important  piezo¬ 
electric  materials  for  actuator  and  transducer  applications. 
Therefore,  the  question  is,  what  is  the  limiting  stress  level 
which  can  be  applied  to  a  soft  PZT  without  causing  a 
substantial  depoling  of  the  ceramic  after  the  stress  is  re¬ 
duced  to  zero.  To  answer  this  question,  the  piezoelectric 
coefficient  d3 3  was  measured  on  PZT-5H  and  PZT-5A  at 
a  stress-free  state  after  the  specimens  were  subject  to  a 
71  (peak  stress,  denoted  as  r3.y)  stress  for  10  minutes. 
Data  presented  in  Fig.  5  are  c/33  thus  obtained  (after  the 
stress  was  removed)  versus  the  applied  maximum  stress 
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Fig.  1.  The  polarization  hysteresis  loops  of  aged  PZT  piezoceramics  measured  at  10  Hz. 


Tzm  •  To  show  the  depoling  effect  due  to  the  stress,  the 
data  are  presented  in  the  reduced  unit,  i.e.,  d33  (after  the 
stress  ) / d33 (sample  from  manufacturer).  In  this  exper¬ 

iment.  each  data  point  was  acquired  from  a  specimen  not 
subjected  to  a  stress  prior  to  the  measurement  to  ensure 
the  same  initial  condition  for  each  data  point.  In  addition, 
each  data  point  was  repeated  by  a  new  specimen,  and  the 
difference  between  the  two  sets  of  data  is  less  than  10% 
over  the  whole  experimental  range.  If  we  define  the  stress 
T$m  that  results  in  a  reduction  of  d33  by  10%  is  as  the 
limiting  stress,  for  PZT-5H,  T^m  is  at  about  50  MPa,  and 
for  PZT-5A,  it  is  near  60  MPa.  In  addition,  the  data  also 
reveals  that,  for  PZT-5A.  it  can  retain  more  than  70%  of 
d33  even  after  subjected  to  more  than  100  MPa  stress.  This 
is  consistent  with  the  fact  that  PZT-5A  has  a  higher  coer¬ 
cive  field  than  that  of  PZT-5H  and.  hence,  is  more  difficult 
to  be  stress  depoled. 

Although  soft  PZT  can  be  stress  depoled  easily,  by  ap¬ 
plying  a  DC  bias  electric  field,  these  ceramics  can  be  used 
to  high  stress  levels  without  being  depoled.  Fig.  6  shows 
the  change  of  d3 3  of  PZT-5H  with  stress  up  to  150  MPa. 
The  difference  between  the  data  in  Figs.  3  and  6  is  that 
here  a  DC  electric  field  of  5  kV/cm.  which  is  parallel  to  the 


original  poling  direction,  is  applied  to  the  ceramic.  Appar¬ 
ently,  after  a  150  MPa  stress  cycle,  the  ceramic  still  can 
retain  90%  of  the  original  piezoelectricity.  The  coercive 
field  Ec  for  deaged  PZT-5H  ceramic  is  at  9  kV/cm,  so  the 
result  in  Fig.  6  indicates  that  a  field  at  below  Ec  can  be 
used  to  stabilize  a  ceramic  from  the  stress  depoling.  The 
results  given  here  are  consistent  with  those  in  Fig.  1  in 
aged  soft  PZT  ceramics.  There  is  a  memory  of  the  original 
poling  direction  and,  hence,  a  small  electric  field  parallel 
to  the  original  poling  direction  can  repole  the  ceramic  back 
to  a  high  polarization  level. 

C.  The  Compressive  Stress  T3  on  the 
Electromechanical  Properties  of  Hard  PZT  Ceramics 

The  stress  dependence  of  d33  and  d3 1,  if33,  and  s33 
and  s3i  for  PZT-4  and  PZT-8  are  shown  in  Figs.  7  and 
8.  Quite  different  from  soft  PZT  ceramics,  hard  PZTs  ex¬ 
hibit  a  large  increase  of  piezoelectric  coefficients  and  di¬ 
electric  constant  with  stress.  For  both  PZT-4  and  PZT-8, 
the  piezoelectric  coefficients  reach  more  than  40%  higher 
than  those  of  the  aged  samples  measured  before  the  stress. 
After  a  stress  cycle  of  150  MPa,  the  piezoelectric  coeffi- 
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Fig.  2.  The  polarization  hysteresis  loops  of  thermally  deaged  (fresh)  PZT  ceramics  measured  at  10  Hz. 


cients  and  dielectric  constant  return  to  the  zero  stress  state 
with  higher  values.  For  PZT-8.  even  after  a  stress  cycle  to 
280  MPa.  the  ceramic  still  can  retain  a  dzz  equal  to  the 
value  of  the  aged  sample  before  stress.  This  large  increase 
in  the  piezoelectric  coefficients  also  results  in  an  increase  of 
the  electromechanical  coupling  factor  with  stress  as  shown 
in  Fig.  9.  And  apparently,  a  longitudinal  electromechani¬ 
cal  coupling  factor  ^33  higher  than  0.85  can  be  obtained 
in  hard  PZT:  this  is  far  above  the  value,  even  in  soft  PZT. 

The  observed  increase  in  the  electromechanical  re¬ 
sponses  in  hard  PZT  ceramics  as  revealed  in  Figs.  7-9 
is  caused  partially  by  the  deaging  effect.  The  high  ap¬ 
plied  stress  changes  the  domain  orientation  with  respect 
to  the  local  field  built  up  by  oxygen  vacancies  and  dopants 
through  the  aging  process,  and  this  change  causes  the  re¬ 
sponses  of  the  material  toward  soft  PZT.  Here,  the  ques¬ 
tion  is  whether  the  increased  activity  is  caused  solely  by 
this  deaging  effect.  In  order  to  answer  this  question,  an  ag¬ 
ing  experiment  was  conducted.  As  shown  in  Fig.  10,  even 
after  a  long  time  aging,  the  piezoelectric  coefficient  dz\  of 
PZT-8  under  a  90  MPa  stress  is  still  far  above  the  value 
obtained  under  the  stress  free  condition  taken  before  the 
application  of  stress,  which  is  consistent  with  an  early  ex¬ 


perimental  result  [4],  The  result  indicates  that  the  large 
increase  of  the  piezoelectric  activity  observed  in  hard  PZT 
ceramics  under  stress  is  more  than  a  deaging  effect.  In  ad¬ 
dition.  the  data  in  Fig.  10  also  show  that  the  depoling 
stress  for  PZT-8  is  higher  than  90  MPa. 


In  fact,  an  increase  of  the  piezoelectric  coefficients  and 
coupling  factor  with  T3  stress  also  was  observed  in  soft 
PZT,  as  shown  in  Figs.  3  and  4.  Careful  inspection  of  the 
figures  reveals  that,  at  stress  level  before  depoling  occurs 
(50  MPa),  there  is  a  slight  increase  of  piezoelectric  coeffi¬ 
cients  and  coupling  factor  (becomes  larger  than  0.8).  These 
results  indicate  that,  by  moving  the  polarization  direction 
of  the  domains  locally  away  from  the  averaged  poling  direc¬ 
tion,  increased  non- 180° domain  wall  motions  in  PZT  ce¬ 
ramics  (under  T3  stress)  can  result  in  an  increase  in  piezo¬ 
electric  activity  and  coupling  factor.  This  observation  may 
resemble  the  experimental  results  on  Pb(Znx/3Nb2/3)C>3- 
PbTiOs  relaxor  single  crystals  in  which  a  high  piezoelec¬ 
tric  response  and  coupling  factor  were  observed  when  the 
crystal  was  poled  along  [001]  direction  which  is  not  the 
direction  of  the  spontaneous  polarization  [15],  [16]. 
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Fig.  3.  The  dependence  of  the  weak  signal  piezoelectric  coefficients 
(^33  and  d3i).  dielectric  constant  #33,  and  elastic  compliance  (S33 
and  S13)  of  PZT-5H  on  the  compressive  uniaxial  stress  T3.  Solid  and 
dashed  lines  are  drawn  to  guide  the  eyes. 

D.  Load  Curves  for  PZT  Piezoceramics 

The  load  curves  for  PZT-5H.  a  soft  PZT,  and  PZT-8,  a 
hard  PZT.  were  measured  under  different  DC  electric  bias 
fields,  and  the  results  are  presented  in  Fig.  11.  Several 
features  are  revealed  in  this  figure.  In  PZT-5H,  there  is 
a  large  nonlinearity  in  both  the  strain-DC  applied  elec¬ 
tric  field  relationship  and  in  the  strain-stress  relationship. 
In  PZT-8.  the  nonlinear  effect  is  much  smaller.  These  re¬ 
sults  are  consistent  with  the  results  of  early  publications 
[7],  [9J.  The  compliance  sf3  measured  here  (under  near 
DC  condition)  is  more  than  twice  that  measured  at  10  Hz 
(from  the  load  curves  under  a  small  DC  field,  1  kV/cm, 
s33  =  AS3/AT3  is  about  40  x  10“12  m2/N  for  PZT-oH  and 
30  x  10“ 12  m2/N  for  PZT-8),  indicating  a  strong  frequency 
dependence  at  very  low  frequency  region.  For  hard  PZT. 
for  the  DC  bias  fields  studied,  there  is  no  large  change  of 
compliance  with  DC  bias  field.  For  PZT-5H,  at  low  stress 
region  (stress  near  zero),  there  is  a  slight  increase  of  the 
compliance  with  DC  electric  bias  field.  However,  the  slope 
for  the  load  curve  under  6  kV/'cm  at  near  20  MPa  stress 
level  becomes  near  half  of  that  at  low  stress  level  (from 
47  x  10“ 12  to  23  x  10“ 12  m2/N). 


1.2m  1  1  ii  1  1  1  1  1  rr  r  ‘i "  i  1  11  1  ]  1  m  m  m  r  1 
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Fig.  4.  The  dependence  of  the  weak  signal  piezoelectric  coefficients 
(^33  and  d3i),  dielectric  constant  ^33,  and  elastic  compliance  (333 
and  513)  of  PZT-5A  on  the  compressive  uniaxial  stress  T3.  Solid  and 
dashed  lines  are  drawn  to  guide  the  eyes. 


Fig.  5.  The  piezoelectric  coefficient  ^31  retained  (compared  with  the 
initial  value  in  aged  sample)  after  the  specimen  is  subjected  to  a 
T3  stress  and  then  back  to  stress-free  state  for  PZT-5H.  Solid  and 
dashed  lines  are  drawn  to  guide  the  eyes. 
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Fig.  6.  The  dependence  of  {*33  on  the  compressive  T3  stress  while 
under  a  5  kV/cm  DC  electric  bias  field  that  is  parallel  to  the  original 
poling  direction  for  PZT-5H.  Solid  line  is  drawn  to  guide  the  eyes. 


Fig.  8.  The  dependence  of  the  weak  signal  piezoelectric  coefficients 
(d33  and  {*31 ),  dielectric  constant  A33.  and  elastic  compliance  (533 
and  S13)  of  PZT-8  on  the  compressive  uniaxial  stress  T3.  Solid  and 
dashed  lines  are  drawn  to  guide  the  eyes. 


Fig.  7.  The  dependence  of  the  weak  signal  piezoelectric  coefficients 
(<*33  and  (*31 ),  dielectric  constant  A'33,  and  elastic  compliance  (S33 
and  S13)  of  PZT-4  on  the  compressive  uniaxial  stress  T3.  Solid  and 
dashed  lines  are  drawn  to  guide  the  eyes. 
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Fig.  9.  The  dependence  of  the  longitudinal  electromechanical  cou¬ 
pling  factor  /C33  on  the  compressive  uniaxial  stress  T3  for  PZT-4  and 
PZT-8  piezoceramics.  Solid  and  dashed  lines  are  drawn  to  guide  the 
eyes. 


Fig.  10.  Aging  of  d3i  of  PZT-8  over  1  month;s  time  under  a  constant 
stress  of  90  MPa.  d3i  aged  after  1  month  aging  under  stress  is  still 
higher  than  that  under  stress- free  condition.  Dashed  line  is  drawn  to 
guide  the  eyes. 

IV.  Summary 

There  is  a  large  difference  in  the  polarization  hystere¬ 
sis  loops  and  other  material  properties  in  aged  and  fresh 
samples.  In  fresh  samples,  the  coercive  field  for  hard  PZT 
may  not  be  higher  than  those  in  soft  PZT.  In  aged  PZT 
ceramics,  there  is  no  well  defined  coercive  field.  For  hard 
PZT  ceramics,  local  fields  stabilize  the  poling  state  against 
electric  field  and  stress  depoling.  There  is  a  near  zero  co¬ 
ercive  field  in  returning  to  the  original  poling  direction  of 
the  hysteresis  loop  for  both  hard  and  soft  PZT  ceramics. 

There  is  a  large  change  of  the  material  properties  with 
stress  due  to  nonlinear  effects  and  the  stress  depoling.  The 
material  properties  at  stress-free  state  cannot  reflect  the 
properties  under  stress.  Furthermore,  it  also  can  be  in- 


Stress  (MPa) 


Fig.  11.  Load  curves  of  longitudinal  strain  versus  T3  for  PZT-5H  and 
PZT-8  piezoceramics.  The  applied  DC  electric  fields  are  indicated. 

ferred  that  the  nonlinear  effects  due  to  stress  alone,  due 
to  applied  electric  field  alone,  and  due  to  combined  stress 
and  electric  field,  will  produce  quite  different  material  re¬ 
sponses. 

Soft  PZT  ceramics  can  be  stress  easily  depoled,  and  the 
limiting  stress  T3  for  PZT-5H  and  PZT-5A  is  at  about 
50  MPa  level.  A  DC  electric  field  can  be  used  to  stabilize 
soft  PZT  to  against  the  stress  depoling.  The  DC  bias  field 
used  to  stabilize  the  polarization  in  an  aged  sample  can 
be  smaller  than  the  coercive  field  measured  from  deaged 
samples. 

Compressive  stress  T3  can  significantly  increase  the 
piezoelectric  activity  and  coupling  factor  in  hard  PZT  ce¬ 
ramics.  This  increase  is  not  an  effect  of  deaging  alone,  but 
rather  involves  a  change  of  domain  orientations  with  re¬ 
spect  to  the  external  field  and  applied  stress  and  the  cou¬ 
pling  of  the  local  polarization  to  the  local  defect  fields. 

The  data  presented  suggest  that  the  time  scale  is  im¬ 
portant  in  the  results  of  the  electric  and  mechanical  load 
experiments.  Although  for  hard  PZT,  no  stress  depoling 
was  observed  in  the  time  scale  of  the  current  experiment, 
a  much  longer  time  scale  experiment  on  hard  PZT  will  pro- 
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duce  a  stress  depoling.  As  shown  in  Fig.  10.  the  depoling 
stress  is  higher  than  90  MPa  for  PZT-8. 
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Doped  piezoceramic  lead  zircanate  titanate  has  been  characterized  in  the  frequency  range  of  20-60 
MHz  using  ultrasonic  spectroscopy.  Theoretical  analyses  were  performed  for  the  reflection  and 
refraction  of  acoustic  waves  at  the  interface  of  water-piezoelectric  ceramic.  The  incident  directions 
of  the  wave  were  chosen  to  be  appropriate  for  ultrasonic  spectroscopy  measurements.  Shear  wave 
spectrum  was  obtained  through  mode  conversion  using  a  pair  of  longitudinal  transducers  submerged 
in  water.  The  phase  velocity  shows  linear  dependence  on  frequency  while  the  attenuation  may  be 
described  by  a  second  order  polynomial  of  frequency  in  the  frequency  range  investigated.  The 
Kramers-Kronig  relation  between  ultrasonic  phase  velocity  and  attenuation  was  compared  to 
measured  results.  ©  1999  American  Institute  of  Physics.  [S002 1-8979(99)00412-0] 


I.  INTRODUCTION 

Application  of  higher  frequency  broadband  ultrasonic 
transducer  results  in  the  improvement  of  the  axial  and  lateral 
resolutions  in  medical  imaging.  Design  high  frequency  trans¬ 
ducer  requires  better  knowledge  of  material  properties  since 
the  ultrasonic  dispersion  becomes  important  for  frequencies 
above  50  MHz.  The  dispersions  of  velocity  and  attenuation 
may  deform  the  acoustic  pulse  and  cause  inappropriate  inter¬ 
pretation  of  the  pulse  acoustic  signal.  Hence,  knowing  the 
properties  of  the  transducer  materials  at  high  frequencies  is 
important  for  designing  high  frequency  transducers.  Cur¬ 
rently,  there  are  very  limited  experimental  data  available  in 
the  literature  on  high  frequency  properties  of  piezoelectric 
materials  due  to  many  technical  difficulties.1  Reported  in  this 
article  are  results  of  velocity  and  attenuation  for  doped  lead 
zirconate  titanate  (PZT-5H)  in  the  frequency  range  of  20-60 
MHz  measured  by  using  an  ultrasonic  spectroscopy  method. 
The  experimental  results  were  also  used  to  verify  the 
Kramers-Kronig  relations.2 

The  ultrasonic  spectroscopy  method  has  been  widely 
used  in  the  characterization  of  solid  materials.  With  angular 
incidence,  mode  conversion  effect  was  used  to  investigate 
shear  wave  properties  of  porous  materials  and  polymeric 
materials.3"8  If  such  a  method  is  generalized  to  characterize 
piezoelectric  materials,  one  needs  to  deal  with  the  problem 
of  plane  wave  propagation  through  an  interface  between  an 
isotropic  medium  and  an  anisotropic  piezoelectric  material. 
Since  the  propagation  velocity  of  waves  varies  with  propa¬ 
gation  direction  in  an  anisotropic  material,  the  refraction  be¬ 
comes  complicated  when  the  ultrasonic  wave  is  obliquely 
incident  onto  the  interface.  Generally  speaking,  the  refraction 
coefficient  cannot  be  given  in  an  explicit  analytic  form.  For 
poled  PZT  ceramics  the  symmetry  is  oo m ,  which  has  the 
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same  number  of  independent  physical  constants  as  that  of  6 
mm  symmetry,  i.e.,  five  independent  elastic  constants,  three 
independent  piezoelectric  coefficients,  and  two  independent 
dielectric  permittivities.  Because  of  the  reasonably  high  sym¬ 
metry,  the  situation  may  be  simplified  in  some  special  inci¬ 
dent  angles.  The  present  article  is  divided  into  two  parts: 
first,  we  discuss  the  refraction  of  a  plane  wave  at  the  inter¬ 
face  of  water-PZT  ceramic.  Based  on  the  theoretical  analysis, 
an  ultrasonic  spectroscopy  technique  suitable  for  character¬ 
ization  of  PZT  ceramic  was  developed  and  used  to  charac¬ 
terize  PZT-5H  samples.  Second,  the  measured  results  were 
compared  with  those  predicted  by  the  Kramers-Kronig  rela¬ 
tions. 

II.  THE  REFLECTION  AND  REFRACTION  OF  A 
LONGITUDINAL  WAVE  AT  THE  WATER- 
PIEZOCERAMIC  INTERFACE 

Based  on  the  principle  described  by  Rokhlin,8  we  have 
derived  the  reflection/refraction  of  acoustic  wave  at  the  in¬ 
terface  of  water  and  a  PZT  ceramic  plate.  The  poling  direc¬ 
tion  of  a  plate  PZT  sample  is  either  perpendicular  or  parallel 
to  the  large  surface  of  the  plate.  As  shown  in  Fig.  1,  the  plate 
sample  with  the  poling  direction  perpendicular  to  its  large 
surface  is  referred  as  PZT_z,  whereas  the  plate  with  poling 
direction  parallel  to  its  large  surface  is  referred  as  PZT_x. 

A.  Reflection/refraction  of  a  longitudinal  wave  at  the 
interface  of  water  and  PZT.z 

When  a  longitudinal  wave  is  incident  upon  the  interface 
of  water  and  PZT_z,  we  choose  the  coordinate  system  to 
make  the  incident  plane  coincident  with  either  the  x-z  or  the 
y-z  plane  of  PZT  since  the  plane  perpendicular  to  the  z  axis 
is  acoustically  isotropic  for  PZT  with  symmetry.  If  the 
x-z  plane  is  a  wave  propagation  plane  as  shown  in  Fig.  1(a), 
the  incident  longitudinal  wave  in  water  can  be  expressed  as 

Uj-  UQjexpIjitot-knXi  sin  cos  0,-)] 

(i  =  l,23)  (1) 
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FIG.  1.  (a)  Incidence  of  a  wave  in  the  x-z  plane  of  a  PZT  sample,  (b) 
Incidence  of  a  wave  in  the  x-y  plane  of  a  PZT  sample. 


or 


Ui  =  U0i  exp [j(o( t  -  m { - m3 x3 ) ] ,  00 


where  kw—(olvw,  vw  is  sound  velocity  of  water,  6{  is  inci¬ 
dent  angle 


m 


sin  6:  n 3 

- 1  and  m?=— 

vw  '  vw 


cos  6t 
vw 


The  unit  vector  n  represents  the  wave  propagation  direction. 

Similarly,  the  refractive  waves  propagating  in  the  PZT 
sample  are  expressed  as 

Ui  =  u0i  exp[j(a)t  —  kniX i  -*113X3)]  (i  =  1,2, 3, 4),  (2) 

where  w4  stands  for  electric  potential  wave  with  the  electric 
field  given  by  Ei—f)u4/Sxi.  For  convention  we  rewrite  Eq. 
(2)  as 

Wi=K0,exp[;a>(/— m,xi  — m3*3)]  (2') 

with  mf-=tt//i/  (/=  1  or  3).  Substituting  the  wave  solutions 
into  the  equation  of  motion  pii  —  dTijldXj  and  considering 
the  constitutive  equation  Tij=zcijjciduk/^Xi^emijEmi  the 
amplitude  u0i  (i=  1  —4)  in  Eq.  (2)  will  be  governed  by  the 
following  equations: 


1  1  2  / 

l)Koi+  “‘(cn  +  cr44)mlm3w03 

p  ‘  p 


1 

+  -(e31  +  f15)m1m3M04=0, 

p 


2  (  c  1 1  c  12)m  1  +c44m} 


Uq2  0, 


“(Cl3+C44)'W1™3M01  + 

P 


—  j +  c33m3)—  1 


w03 


2 


(ei5+e3l)mlm3u0l  +  (el5ml  +  e33m3)u03 


(3a) 

(3b) 


(3c) 


-“(61I/ni  +  633m3)M()4=0, 


(3d) 


where  p  is  the  density,  are  the  elastic  stiffness  constants, 
eiK  are  the  piezoelectric  stress  constants,  and  are  the  di¬ 
electric  constants  for  the  poled  PZT  ceramic.  Short  notation 
for  the  elastic  constants,  c,  and  the  piezoelectric  coefficients, 
e,  have  been  used;  their  definition  could  be  found  in  Ref.  9. 

From  Eq.  (3)  it  is  seen  that  u02  representing  the  ampli¬ 
tude  of  a  shear  wave  does  not  couple  with  uol  and  u03. 
Hence,  this  wave  cannot  be  generated  through  mode  conver¬ 
sion  effect  in  this  incidence  arrangement.  In  other  words,  the 
particle  displacement  of  the  refractive  waves  in  the  PZT  ce¬ 
ramic  has  only  ux  and  u3  components. 

From  Eq.  (3d) 


(«i5+*3i)™i«3«ol  +  («i5mi+e33'»3)«03 
U04~  "  T ”5  * 

+  ^33m3 


(4) 


Substituting  Eq.  (4)  into  Eqs.  (3a)  and  (3c)  gives 


1  /  ,  2  (e3i +eis)2m]m\ 

—  cum*+CAAm3J - rr - 5— 

P\  1  1  3  «„mt  +  e33m| 


-  1 


#01 


1 

+  - 
p 


(e33ml+el5m2)(e3]  +  el5) 

C  W  +  C44+ - 


*ll'wl  +  *33'n3 


X/n1m3M03= 0, 


(5a) 


(e33ml+el5m2{)(e3l  +  el5) 
<M3+C44+ - ~~T 


C\\*n\  +  *33«3 


c44m^  +  c33m3  + 


( g  1 5m  1  +  g  33m  3 ) 2  \ 
6umi  +  e33m3  / 


-1 


#03“  0* 

(5b) 


The  propagation  directions  of  the  refractive  waves  allowed 
in  the  PZT  ceramic  are  determined  by  the  coefficient  deter¬ 
minate  of  Eq.  (5),  i.e., 


—  j  cnmy *F cum3+  - 


(g3i  +  g15)2^im3 

ellml  + 


-1 


-|  C13+C44+ 


(c33m3  +  e15ml)(c31  +  c15) 


«1I"*1  +  «33"*3 


mi  m3 


Cl3  +  C44+ 


(e33m3  +  el.‘im?)(e31'l~eis) 
*llWI!  +  e33'»3 


2\2 


mlm3  —  (  c44my  +  c33m3  + 


(g33m3-f  ei5mi) 
«Uml  +  «33m3 


-1 


=  0. 


(6) 
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It  is  known  that  the  phase  matching  condition  at  the  inter¬ 
face,  or  the  Snell’s  law,  demands  mllncidcnt=m^eflectIve 

=  Refractive  ^  Qr  mw  =  mP2T  Since  js  knOWn  for  a  given 
incident  wave,  one  can  determine  of  refractive  waves 
propagating  in  the  PZT  from  Eq.  (6). 

There  are  two  solutions  of  m^1*  from  Eq.  (6)  corre¬ 
sponding  to  two  refracted  waves  in  PZT.  Substituting  the 
two  roots  of  Eq.  (6)  back  into  Eq.  (5),  two  eigenvectors  with 
two  components  can  be  obtained,  which  provides  the  polar¬ 
ization  directions  of  the  two  refracted  waves.  In  more  general 
cases,  one  of  them  is  a  quasilongitudinal  wave  and  the  other 
is  a  quasishear  wave.  Thus,  when  a  longitudinal  wave  is 
incident  from  water  upon  PZT  ceramic,  there  are  incident 
and  refracted  waves  in  the  water  medium;  both  are  longitu¬ 
dinal  waves  with  amplitudes  given  by  w0  anc*  respec¬ 
tively.  In  the  PZT  ceramic  there  are  refracted  quasilongitu¬ 
dinal  and  quasishear  waves.  Their  propagation  direction  and 
polarization  direction  are  determined  by  Eqs.  (5)  and  (6)  to 
be  mL,  lL  and  ms ,  I5,  respectively.  Their  amplitudes  uL  and 
us  are  related  to  that  of  the  incident  wave  w0  through  the 
boundary  conditions  at  the  interface  of  x3  =  0 


u  3  ( water)  =  u  3  ( PZT) , 

(7a) 

7*13=0, 

(7b) 

r33(  water)  =  T  33(  PZT) . 

(7c) 

The  above  equations  may  be  rewritten  as 

WrCOS  0+/3HL+/3M5=MoCOS  0 , 

(8a) 

ruL+sus= 0, 

(8b) 

Zwur-puL~qus=  - Zwu0 , 

(8c) 

where  Zw  is  the  acoustic  impedance  of  water  and 
r  =  C44(  m3 1\  +  m  x  /3 )  +  e  15(  A  Ll\+BLl$), 

(9a) 

s  =  /?  +  m ,  ll)  +  e  {S(AS /f + Bs  Is,) , 

(9b) 

p  =  c  13m  j  /  j*+ c33mf  l\ + £33m3  (A  Ll\  +  Z?L/3 ) , 

(9c) 

q  =  Ci3mj/f  +c33/n3/^+€33m3(A5/‘[+B‘s/3), 

(9d) 

with 


Aw= 


(e15+c3l)mlm3'5 


e15  m,+ej3mj-s 

BL'  = - zj- - Z3  ■ 

enmi  +*33"l3 


From  Eq.  (8)  the  ratios  of  urlu0 ,  uLlu0 ,  and  uslu0 ,  i.e.  the 
reflection  and  refraction  coefficients,  can  be  determined.  Us¬ 
ing  this  procedure,  one  can  determine  the  amplitude  and 
propagation  direction  of  the  refractive  waves. 

In  ultrasonic  spectroscopy  technique,  however,  one  can 
use  slightly  different  ways  to  solve  the  problem.  As  men¬ 
tioned  above,  m ”  is  known  for  a  given  incident  wave,  i.e., 


n ,  sin  6: 

—  w_  1  _  1 

m  _  —  _ - . 

Vw  Vw 

From  Snell’s  law  it  is  given  that  m^ZT=sin^/uvv 
=sin  0p/vp ,  where  6p  and  vp  (p  =  L  or  S)  are  the  refractive 
angle  and  velocity  of  longitudinal  (L)  or  shear  (S)  wave.  If 
the  velocity  vp  has  been  determined  by  spectroscopy 


method,  one  can  simply  calculate  6p  through  Snell’s  law. 
Obviously,  m ^  can  be  found  by  the  relation  of  m3 
=  cos  6p/vp. 

Using  Eq.  (6)  the  longitudinal  and  shear  velocities  can 
be  correlated  to  appropriate  elastic  constants.  In  what  follows 
we  discuss  three  special  cases  to  illustrate  the  procedure. 
Case  1.  Normal  incidence 

In  this  case  m7ater=0,  therefore,  m^>ZT=0,  0p  =  0  and 

m*=-  (10a) 

vs 

or 

m^=-.  (10b) 

*  V  L 

Substituting  these  results  into  Eq.  (5)  results  in  the  following 
simple  relations: 


which  are  the  velocities  of  the  shear  wave  and  the  stiffened 
longitudinal  wave,  respectively. 

From  Eq.  (6),  two  eigenvectors  are  obtained 

15=[  1,0,0]  and  1L=[0,0,1],  (lla,b) 

This  means  that  one  of  the  possible  refracted  waves  is  a  pure 
shear  wave  with  polarization  direction  along  the  x  axis  and 
another  is  a  pure  longitudinal  wave.  Substituting  these  results 
into  Eqs.  (8)  and  (9),  one  can  obtain  the  reflection  and  re¬ 
fraction  ratios 


R=—  = 

Zw 

(12a) 

«o 

Z^~^~ZW 

II 

st\ 

II 

K 

2  ZL 

(12b) 

«0 

Zl+Zw  ’ 

ux  “  0. 

(12c) 

Equation  (12c)  implies  that  mode  conversion  does  not  exist 
in  normal  incidence,  and  reflection  coefficient  R  and  trans¬ 
mission  coefficient  T  of  the  longitudinal  wave  are  the  same 
as  for  an  interface  of  water  and  an  isotropic  solid.  In  the 
expressions  Eqs.  (12a, b),  ZL  is  the  acoustic  impedance  of  the 
longitudinal  wave  in  PZT. 

Case  2.  Incidence  at  the  critical  angle  of  the  longitudinal 
wave. 

When  a  longitudinal  wave  is  obliquely  incident  from  wa¬ 
ter  upon  PZT_z,  mode  conversion  takes  place.  In  PZT  me¬ 
dium  there  are,  in  general,  refractive  quasilongitudinal  and 
quasishear  waves.  If  the  wave  is  incident  at  the  critical  angle 
of  longitudinal  wave,  the  refractive  longitudinal  wave  be¬ 
comes  an  evanescent  wave.  This  means  that  m3  is  equal  to 
zero  ( 0,  =  critical  angle)  or  complex  ( critical  angle).  The 
vector  m5  representing  the  propagation  direction  of  the  re¬ 
fractive  quasishear  wave  can  be  determined  by  the  following 
expressions: 
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m 


s 

l 


sin  Qx 
vw 


sin  6S 

vs 


(13a) 


cos  6S 
vs 


(13b) 


If  the  velocity  vs  is  determined  from  the  ultrasonic  spectros¬ 
copy  method,  0S  can  be  calculated  from  Eq.  (13a),  therefore 
ms  is  totally  determined.  Knowing  m5,  the  polarization  di¬ 
rection  can  be  determined  by  Eq.  (5)  and  the  transmission 
coefficient  can  be  calculated  from  Eq.  (8).  The  velocity  of 
the  quasishear  wave  is  related  to  a  combination  of  elastic 
constants  of  PZT  by 


2c*  =  cnsin2  0$+c33cos2  0s+c44+pi^p2 

+  {[(cn-C44)sin2  (9is  +  (c44-c33)cos2  6S 

+Pi-P2]2+(cn+c44+P3)2siT\22esy'2 


_(g3i  +  gis)2sin2  &s cos2  0s  .  . 

eu  sin2  9S+  e33  cos2  6S 

(e33cos2  05+ei5sin2  8S)2 

p  2  = - •'  T'n'Z - rs >  (15cl 

€\ [  sm  0S+  e33  cos  6S 

_(e33cos2  6»s+el5sin2  fl5)(e3 \  +  exs) 

6 1  [  sin2  ds+  e33  cos2  6$  ’ 

are  terms  associated  with  piezoelectric  coupling.  6S  is  the 
refractive  angle  of  the  quasishear  wave  in  PZT  ceramic. 


B.  Reflection/refraction  of  a  longitudinal  wave  at  the 
interface  of  water  and  PZT_x 

Assuming  the  plate  normal  direction  is  along  the  x  axis 
and  the  poling  direction  is  parallel  to  the  z  direction  of  the 
PZT  plate  as  shown  in  Fig.  (lb),  the  incident  plane  of  the 
ultrasonic  wave  has  three  independent  orientations:  (1)  x-y 
plane;  (2)  y-z  plane,  and  (3)  incident  in  a  plane  that  rotates 
around  the  y  axis  at  an  arbitrary  angle.  Since  the  last  case 
makes  the  problem  more  complicated,  it  will  not  be  dis¬ 
cussed  here.  The  second  option  is  actually  equivalent  to  the 
Case  2  of  Sec.  II  A,  therefore  we  only  need  to  discuss  the 
first  option  which  we  call  Case  3,  as  described  below. 

The  plane  perpendicular  to  the  z  axis  of  PZT  is  an  acous¬ 
tically  isotropic  plane  as  mentioned  above.  When  an  incident 
wave  is  in  the  x-y  plane,  as  shown  in  Fig.  1(b),  the 
reflection/refraction  of  a  longitudinal  wave  at  the  interface  of 
water  and  PZT  ceramic  is  the  same  as  at  the  interface  of 
water  and  an  isotropic  solid.  In  this  case,  the  particle  dis¬ 
placement  u  of  the  refractive  waves  has  only  components  in 
the  x  and  y  directions.  When  a  wave  is  normally  incident,  the 
only  refractive  wave  is  a  pure  longitudinal  wave  with  the 
velocity  given  by 


(16a) 

When  a  wave  is  obliquely  incident,  one  of  the  two  refractive 
waves  is  a  pure  longitudinal  wave  with  the  same  velocity  as 
Eq.  (16a),  another  refractive  wave  is  a  pure  shear  wave  with 
the  velocity  of 


This  shear  wave  polarizes  in  the  x-y  plane. 

Other  cases  of  reflection/refraction  of  a  plane  wave  at 
the  interface  of  PZT  ceramic  water  can  be  discussed  by  using 
the  same  procedure.  However,  pure  modes  do  not  exist  for 
general  cases. 

In  summary,  by  using  angular  incidence  of  a  longitudi¬ 
nal  wave  from  water  to  two  PZT  plates  we  can  determine  the 
elastic  constants  and  their  dispersion  from  dispersion  of  ve¬ 
locity  and  attenuation  in  the  following  acoustic  modes: 

(A) .  For  a  PZT_z  sample: 

(1)  Longitudinal  wave  propagating  along  the  poling  direc¬ 
tion  with  the  wave  normal  incident  upon  the  plate.  From 
the  velocity  dispersion  of  this  wave,  the  frequency  de¬ 
pendence  of  elastic  constant  c^3  can  be  determined. 

(2)  Quasishear  wave  propagating  in  the  x-z  plane  with  the 
wave  obliquely  incident  at  the  critical  angle  of  the  lon¬ 
gitudinal  wave.  From  its  velocity  dispersion  one  can  de¬ 
termine  an  elastic  constant  combination  c*  and  its  fre¬ 
quency  dependence. 

(B) .  For  a  PZT_x  sample: 

(1)  Longitudinal  wave  propagating  perpendicular  to  the  pol¬ 
ing  direction.  From  its  velocity  dispersion  one  can  deter¬ 
mine  the  elastic  constant  cn  and  its  frequency  depen¬ 
dence. 

(2)  Shear  wave  with  directions  of  propagation  and  polariza¬ 
tion  normal  to  the  poling  direction  when  the  wave  is 
incident  at  the  critical  angle  of  the  longitudinal  wave. 
From  the  velocity  dispersion  of  this  wave  one  can  deter¬ 
mine  the  elastic  constant  c66  and  its  frequency  depen¬ 
dence. 

III.  PRINCIPLES  OF  MEASUREMENTS 

The  basic  principle  of  the  ultrasonic  spectroscopy 
method  used  to  determine  the  velocity  and  attenuation  of 
materials  is  shown  in  Fig.  2.  A  pair  of  aligned  transmitting 
and  receiving  transducers  are  immersed  in  water  with  an  ad¬ 
justable  separation  between  them.  When  the  transmitting 
transducer  is  driven  by  an  electric  pulse  signal,  an  acoustic 
broadband  signal  is  produced  atx=0,  noted  as  u(t ).  Its  Fou¬ 
rier  transform  is  u(J).  For  a  linear  and  causal  acoustic  sys¬ 
tem  shown  in  Fig.  2(a),  the  transfer  function  of  the  medium 
for  the  wave  to  propagate  can  be  expressed  as 

W(/)=exp[-aw(/)i-]exp{-j[2ir/L/i;w(/)]},  (17) 

where  L  is  the  distance  between  the  transmitting  and  receiv¬ 
ing  transducers,  vw  and  aw  are  the  wave  velocity  and  attenu¬ 
ation  of  water,  respectively.  When  the  medium  is  considered 
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Transmitter  Receiver 


(a) 


tively,  0;  and  0  are  the  incident  and  the  refractive  angles  of 
the  wave  at  the  interface,  respectively,  T  is  the  total  trans¬ 
mission  coefficient  which  is  equal  to  the  product  of  the  trans¬ 
mission  coefficients  of  the  wave  from  water  to  sample  and 
from  sample  to  water. 

Thus,  the  amplitude  and  phase  spectra  of  the  output  sig¬ 
nal  for  the  system  shown  in  Fig.  2(b)  can  be  written  as 


A(/)  =  7la(/)|exp  \-aw(f) 


L— 


cos  8j 


-d(tg6-tg0j) 


FIG.  2.  Principle  of  ultrasonic  spectroscopy  technique:  (a)  without  sample, 
(b)  with  sample  placed  in  a  rotated  position. 
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X  sin  Of 

exp 

“(/)coS«l 
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L- 


cos  6 j 
iTTfd 


“ d(tg0-tg  0j) sin  6j 


v(f)cos  6 
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(21a) 

Vw(f) 

(21b) 


From  Eqs.  (19)  and  (21)  the  phase  velocity  and  attenuation 
coefficients  in  the  sample  are  given  by 


to  be  dispersive  and  dissipative,  both  aw  and  vw  are  fre¬ 
quency  dependent.  The  spectrum  of  the  output  signal  from 
the  receiving  transducer  is 


yj sin2  fy- 


(cp-<pw)vv 


12 


2  Trfd 


'  +  cos  6 j 


(22) 


“ wif )  =  u  (/  )exp[  -  aw(f  )L] 

X  exp[ —j(27rfL/vw(f)]u'{f),  (18) 

where  u'(f)  is  the  transfer  function  of  the  receiving  trans¬ 
ducer.  Thus,  the  amplitude  and  phase  spectra  of  the  output 
signal  can  be  expressed  as 

^vV(/)=l“(/)|exp[-aB,(/)L]|«'(/)|,  (19a) 

<Pw(f)=2'*fL/vw(f)  +  <f>u+<f>u (19b) 

where  cf)u  and  <t>u>  are  the  phase  angles  of  the  two  transduc¬ 
ers,  respectively.  They  will  not  enter  the  calculations  below 
since  the  spectroscopic  method  depends  only  on  the  relative 
phase  shift. 

When  the  sample  to  be  measured  is  inserted  between  the 
transmitting  and  receiving  transducers,  the  transfer  function 
of  the  system  as  shown  in  Fig.  2(b)  becomes 


a~  aw  cos(  6—  0,-)  + 


cos  Old. 


(23) 


If  the  values  of  Aw,  A,  (pw>  and  cp  can  be  measured,  the 
attenuation  and  phase  velocity  dispersion  of  the  sample  can 
be  determined. 

When  the  wave  is  normally  incident  to  the  sample,  0t 
=  0=  0,  the  above  equations  give  the  velocity  and  attenua¬ 
tion  of  the  longitudinal  wave  in  the  case  discussed  in  Sec.  II 
for  the  longitudinal  wave  propagating  in  either  x-z  plane  or 
x-y  plane  as  shown  in  Figs.  1(a)  and  1(b),  respectively 


(<P~<Pw)vw 
1  iTTfd 


(24) 


and 


Tu(f)cx pj  - 

«w(/) 

L  cos  Of 
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d  1 

X  sin  Of 

exp 

a(f)cose\ 

-d{tg6-tg6i) 


Xexp 
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2  it/  L 


cos  8 1 


~d(  tg9—tg8j) 


X sin  0j  J  I  +  /  v(f ) 


«'(/), 

(20) 

where  d  is  the  thickness  of  the  sample,  a  and  v  are  attenua¬ 
tion  coefficient  and  phase  velocity  in  the  sample,  respec- 


aL=  j  d >  (25) 

where 

^PqV^PVl  4Zwzl 
L  (PovT+PVl)1  (Zl+zJ2 

and  p0  a°d  P  are  the  mass  density  of  water  and  sample, 
respectively,  and  is  the  longitudinal  wave  velocity  in  the 
sample. 

If  the  wave  is  obliquely  incident  at  the  critical  angle  of 
the  longitudinal  wave  shear  wave  will  be  generated  through 
mode  convention  effect.  The  velocity  and  attenuation  of  the 
shear  wave  can  be  calculated  by  the  following  expressions: 


FIG.  3.  Experiment  setup. 
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where  T s  and  6S  are  transmission  coefficient  and  refractive 
angle  of  the  shear  wave.  The  transmission  coefficients  for 
fluid-isotropic  solid  interface  are  simply  given  by 

2zSn  sin(2  6S) 


T  _  >  _ T 

1  1  P  I zTn  cos2( 2  05) + zTn  sin2( 2 6sY+Zv 


(29a) 


_  zLn  cos2(2  0y)  -  zSn  sin2(2  es) +Z 
zTn  cos2( 2  05) + zS)I  sin2( 2  05) + z. 


tan  0f* 

2  sin2 

(29b) 

(29c) 

where  7  i2  and  *21  stand  for  the  transmission  coefficients  of  a 
wave  from  water  to  PZT  and  from  PZT  to  water,  respec¬ 
tively;  zwn  =  zwJ cos  0h  zLn  =  zLf cos  zSn=Zs! cos  05,  and 
vs  is  the  shear  wave  velocity  in  the  sample.  The  refractive 
angles  0L  and  6S  are  calculated  from  Snell’s  law 

sin  6{  sin  0L  sin  6S 


vL 


vS 


(30) 


where  the  incident  angle  9t  is  controlled  by  a  computerized 
rotating  table  in  our  experiments.  For  the  quasishear  wave 
propagating  in  the  x-z  plane  of  a  PZT  ceramic.  The  trans¬ 
mission  coefficient  can  be  calculated  from  Eq.  (8). 

IV.  EXPERIMENT  RESULTS  FOR  PZT-5H  AND 
DISCUSSIONS 

The  experimental  setup  is  shown  in  Fig.  3.  A  pair  of 
transducers  with  a  center  frequency  of  50  MHz  and  band¬ 
width  of  80%  were  used.  Without  sample,  the  spectra  of  the 
output  signal  from  the  receiving  transducer  are  shown  in  Fig. 
4.  Since  the  ultrasonic  attenuation  of  water  is  about  6  dB/cm 


at  50  MHz  the  high  frequency  components  of  the  Fourier 
spectrum  are  decayed  when  the  distance  between  the  trans¬ 
mitter  and  receiver  increases,  as  indicated  in  Fig.  4.  The 
interval  between  transmitter  and  receiver  should  be  selected 
in  such  a  way  that  the  high  frequency  components  are  pre¬ 
served  as  much  as  possible,  and  at  the  same  time  leaving 
enough  room  for  the  sample  to  be  rotated.  In  our  experi¬ 
ments,  the  distance  L  is  set  at  about  3  cm. 

The  output  waveform  was  sampled  by  a  digital  oscillo¬ 
scope  (Tektronix  TDS  460A)  at  a  sampling  rate  of  10  Gs/s. 
The  data  were  transferred  into  computer  via  a  general  pur¬ 
pose  interface  bus  (GPIB)  interface.  The  total  recording 
length  for  a  waveform  was  2500  points.  The  amplitude  Aw 
and  the  phase  spectra  (pw  were  obtained  through  fast  Fourier 
transform  (FFT)  of  the  output  signal  from  the  configuration 
in  Fig.  2(a).  When  the  sample  was  put  in  place,  the  trigger 
delay  time  was  adjusted  so  that  the  shifting  of  the  waveform 
caused  by  putting  in  the  sample  can  be  compensated.  Using 
the  same  procedure,  the  amplitude  A  and  the  phase  <p  of  the 
output  signal  from  the  configuration  Fig.  2(b)  were  obtained. 
[Note:  the  velocity  calculation  must  take  into  account  the 
trigger  time  delay,  r] 
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'sj sin2  Qf 
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2t rfd 
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(31a) 


(31b) 


The  attenuation  of  the  longitudinal  and  shear  waves  can 
be  calculated  from  Eqs.  (23)  and  (25),  respectively.  Here  the 
attenuation  of  water  was  given  by  0.000271  f2  (dB/mm),  (f  in 
MHz).  The  measured  velocity  and  attenuation  for  piezocer¬ 
amic  PZT-5H  are  given  in  Figs.  6-9.  It  was  observed  that 
velocity  dispersion  exists  for  both  the  longitudinal  and  shear 
waves  in  the  frequency  range  of  the  measurement  and  it  is 
nearly  linear,  but  the  attenuation  exhibits  nonlinear  fre¬ 
quency  dependence.  The  attenuation  of  the  shear  wave  is  an 
order  of  magnitude  higher  than  that  of  the  longitudinal  wave. 
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FIG.  5.  Dispersion  relationship  of  the  velocity  and  attenuation  for  water. 


Usually,  the  wave  number  of  a  decay  wave  is  considered 
to  be  a  complex  number.  Therefore,  if  the  frequency  is  taken 
as  real,  the  velocity  becomes  complex  and  is  associated  with 
the  complex  elastic  modulus  in  the  following  fashion: 
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FIG.  6.  The  phase  velocity  dispersion  measured  by  experiment  and  derived 
by  Kramers-Kronig  relationship  for  a  wave  propagating  in  the  x-z  plane  of 
a  PZT  sample  and  the  corresponding  elastic  constants. 


FIG.  7.  The  phase  velocity  dispersion  measured  by  experiment  and  derived 
by  Kramers-Kronig  relationship  for  wave  propagating  in  the  x-y  plane  of  a 
PZT  sample  and  the  corresponding  elastic  constants.  The  longitudinal  and 
shear  velocities  were  fitted  to  linear  curves:  vL=  3744.4+ 1.00<? 
-6*/ (Hz)  and  vs=  1762.5+  5.47e-7*/(Hz). 


In  general,  it  is  true  that  |C'|/|C|<^1,  we  may  write  the 
above  equation  as 


The  complex  wave  number  can  be  expressed  as 


FIG.  8.  The  attenuation  measured  by  experiment  and  derived  by  Kramers- 
Kronig  relationship  for  a  wave  propagating  in  the  x-z  plane  of  a  PZT 
sample.  The  longitudinal  and  shear  velocities  were  fitted  to  linear  curves: 
ut=4156.8+1.44e-6*/(Hz)  and  1597+8.67* -7*/ (Hz). 
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k  =  k-ja ,  (34) 

where  k=  cd/v  and  a  is  the  attenuation  coefficient.  Thus,  the 
real  and  imaginary  parts  of  the  elastic  modulus  can  be  de¬ 
rived  from  the  phase  velocity  and  attenuation  measurements 

C  =  pu2,  (35a) 
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lav 

CD 
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If  a  medium  in  which  an  acoustic  wave  propagates  can 
be  considered  as  a  linear  and  causal  system,  its  attenuation, 
which  is  associated  with  the  imaginary  part  of  the  elastic 
modulus,  and  velocity  dispersion,  which  is  associated  with 
the  real  part  of  elastic  modulus,  are  related  by  the  Kramers- 
Kronig  relations.  The  approximation  forms  of  the  nearly  lo¬ 
cal  relationships  can  be  expressed  as10,11 


v(cd)  =  v(cd0)  + 


2i>W 

7 T 


dcDt 


(36a) 


7TCD2  dv((o) 

a^a)^  1v2((jDq)  dcD 


(36b) 


where  cd0  is  the  starting  frequency  at  which  u(o)0)  and 
a(cu0)  are  known.  In  our  experiment,  co0  =  27r*20MHz. 

The  ultrasonic  spectroscopy  technique  is  inherently 
based  on  the  assumption  of  linearity.  Thus,  the  velocity  dis¬ 
persion  and  attenuation  obtained  from  the  technique  are  ex¬ 
pected  to  satisfy  the  above  Kramers-Kronig  relations.  To 
verify  the  validity  of  these  relations,  the  measured  attenua¬ 
tion  for  the  PZT-5H  samples  was  fitted  as  a  polynomial  of 
frequency  and  the  phase  velocity  dispersion  was  derived  by 
the  first  Kramers-Kronig  relation  Eq.  (36a),  then  these  cal¬ 
culated  results  were  compared  to  measured  results.  As  shown 
in  Figs.  6  and  7  that  the  agreement  is  quite  acceptable.  The 
maximum  deviation  is  less  than  0.6%  and  the  trend  is  cor¬ 
rect.  We  have  also  performed  the  reverse  checking,  i.e.,  us¬ 
ing  the  measured  velocity  dispersion  to  calculate  the  disper¬ 
sion  of  the  attenuation  based  on  the  local  approximation  Eq. 
(36b).  We  found  that  this  relation  is  extremely  sensitive  to 
the  curvature  of  the  velocity  dispersion.  Higher  order  poly¬ 
nomial  fitting  of  the  velocity  curve  gives  unreasonable  re¬ 
sults.  Because  the  velocity  dispersion  is  fairly  small,  we  de¬ 
cided  to  use  a  linear  approximation  to  these  velocity  data, 
which  created  error  less  than  the  experimental  uncertainty  for 
the  velocity  fitting  but  gave  good  agreement  to  the  measured 
attenuation  dispersion.  The  results  are  shown  in  Figs.  8  and  9 
for  the  two  different  cut  PZT  samples.  Owing  to  this  sensi¬ 
tivity,  one  should  be  really  careful  when  using  the  second 
Kramers-Kronig  relation  Eq.  (36b).  One  may  have  problems 
using  this  relation  if  the  velocity  dispersion  has  a  downward 
curvature,  such  as  the  shear  velocity  measured  in  this  work, 
since  it  will  lead  to  a  decrease  of  the  attenuation  at  higher 
frequencies.  The  measured  attenuation  seems  to  always  in¬ 
crease  with  frequency.  Our  experience  is  that  a  linear  fitting 
of  the  velocity  dispersion  could  provide  a  much  better  pre¬ 
diction  of  the  attenuation  dispersion  using  the  Kramers - 


FIG.  9.  The  attenuation  measured  by  experiment  and  derived  by  Kramers- 
Kronig  relationship  for  a  wave  propagating  in  the  x-y  plane  of  a  PZT 
sample. 


Kronig  relations.  This  linear  fitting,  of  course,  must  be  piece 
wised  since  the  relationship  is  not  linear  in  general  for  all 
frequency  ranges. 

V.  CONCLUSION 

The  dispersions  of  velocity  and  attenuation  for  piezoce¬ 
ramic  PZT-5H  were  investigated  by  using  ultrasonic  spec¬ 
troscopy  at  the  frequency  range  of  20-60  MHz.  In  the  inves¬ 
tigated  frequency  range,  velocity  dispersion  of  1-3  m/s  per 
MHz  was  observed.  The  attenuation  depends  nonlinearly  on 
frequency  and  the  shear  wave  exhibited  an  order  of  magni¬ 
tude  larger  attenuation  than  the  longitudinal  wave. 

We  showed  that  the  Kramers-Kronig  relations  between 
velocity  dispersion  and  attenuation  dispersion  are  satisfied 
for  the  longitudinal  waves.  However,  for  the  shear  waves,  the 
agreement  between  experiments  and  theory  was  not  satisfac¬ 
tory,  indicating  the  nonlinear  origin  of  the  shear  wave  attenu¬ 
ation.  Based  on  these  results,  we  conclude  that  the  Kramers- 
Kronig  relation  may  be  safely  applied  to  longitudinal  waves, 
which  provides  us  with  a  convenient  way  to  measure  the 
velocity  dispersion.  It  is  difficult  to  be  accurate  with  such 
measurement  using  other  available  techniques  since  the  dis¬ 
persion  is  quite  small.  By  using  the  Kramers-Kronig  rela¬ 
tions,  one  can  derive  the  velocity  dispersion  from  the  veloc¬ 
ity  measurement  at  one  frequency  plus  the  attenuation 
spectrum. 
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The  influence  of  uniaxial  compressive  stress.  Ti,  applied  parallel  to  the  electrical  field, 
on  the  electromechanical  parameters  of  0.9Pb(M§i/3l'’bi'3)Oj  —  O.IPbTiOj  ceramics  in  the 
dc  electrical  field-biased  state  and  at  temperatures  near  the  dielectric  constant  maximum 
Tm  was  investigated.  It  was  found  that  T~}  reduces  both  the  dielectric  constant  and 
polarization  level  which  results  in  a  reduction  of  the  piezoelectric  coefficient  with  stress. 
However,  the  compliance  of  the  material  does  not  show  much  change  with  stress.  As 
a  consequence,  the  coupling  factor  k 33  is  also  reduced  with  stress.  On  the  other  hand, 
the  existence  of  the  local  mdcropoiar  region  in  the  material  causes  anomalous  changes 
in  the  aforementioned  properties  when  the  material  is  subjected  to  a  high  electric  field, 
which  induces  a  macropolar  state.  The  transformation  of  this  macropoiar  state  back  to  a 
micropolar  state  under  stress  involves  a  large  volume  strain  and  results  in  an  enhancement 
of  the  hydrostatic  piezoelectric  response. 


I.  INTRODUCTION 

Lead  magnesium  niobate-iead  titanate  (PMN-PT) 
based  electrostrictive  materials  exhibit  many  attractive 
features  such  as  high  dielectric  constant,  high  electrical 
and  elastic  energy  density,  and  low  hysteresis,  for  actua¬ 
tor  and  transducer  applications.  In  these  applications,  the 
materials  are  often  subjected  to  high  external  stresses  due 
to  a  prestress  or  high  external  load.  In  order  to  properly 
use  the  materials  under  different  external  conditions,  it 
is  necessary  to  understand  how  the  electromechanical 
properties  are  influenced  by  those  conditions. 

In  PMN-PT  used  in  the  electrostrictive  regions  (at 
temperatures  near  or  above  the  dielectric  constant  max¬ 
imum  Tm).  the  material  is  composed  of  two  phases: 
micropolar  regions  embedded  in  a  nonpolar  matrix.1- 
And  as  has  been  demonstrated  in  a  recent  study,  the 
polarization  response,  and  hence  the  dielectric  and  elec¬ 
tric  field  induced  strain  behaviors,  at  temperatures  near 
T„  are  mainly  controlled  by  the  response  of  the  mi¬ 
cropolar  regions,  rather  than  by  the  so-called  '‘intrinsic’ 
contribution  from  the  change  of  the  unit  cell  dimen¬ 
sion  and  polarization  level. 1-5  This  is  somewhat  simi¬ 
lar  to  another  widely  used  electromechanical  material, 
the  piezoceramic  lead  zirconate  titanate  (PZT),  where 
the  material  properties  are  largely  controlled  by  the 
macrodomain  configuration  and  the  movements  of  the 
domain  boundaries.*  One  difference  between  the  two 
systems  is  that  in  PMN-PT  the  response  of  the  micro- 


polar  region  exhibits  only  weak  hysteresis  while  in  PZT. 
large  irreversibility  occurs  when  external  fields  cause 
denoting  of  the  piezoceramic.-*  The  influence  of  external 
stresses  on  the  response  of  micropolar  region  is  still 
unclear  at  this  stage. 

In  this  paper,  we  report  the  results  of  an  experimen¬ 
tal  investigation  on  the  effect  of  uniaxial  compressive 
stress  (T-J.  which  is  parallel  to  the  applied  electric 
field  direction  (defined  as  the  3 -direction),  on  vari¬ 
ous  electromechanical  parameters  of  PMN-PT  with  the 
composition  of  10%  PT  (0.9MN-0.1PT).  As  has  been 
demonstrated  by  many  early  studies,  for  electrostrictive 
applications  at  near  room  temperature,  the  composition 
of  PMN-PT  is  near  0.9PMN-0.1PT  whose  weak  field 
dielectric  constant  is  presented  in  Fig.  I.6*8  In  addition, 
by  applying  a  dc  bias  electric  tieid  to  the  material,  an 
effective  piezoelectric  state  can  be  induced,  as  shown 
schematically  in  Fig.  2.  For  an  electrostrictive  material 
such  as  the  one  investigated  here,  the  material  is  often 
operated  in  the  field-biased  state.  In  this  investigation, 
therefore,  all  the  parameters  are  also  characterized  under 
different  dc  electric  bias  fields  to  simulate  this  opera¬ 
tion  mode. 

II.  EXPERIMENTAL 

All  the  specimens  used  in  this  investigation  were 
made  using  conventional  mixed  oxides  processing  fol¬ 
lowing  the  colutnbite  B-site  precursor  method.'’  Most  of 
the  specimens  were  sintered  at  a  temperature  of  1250  ’C 
for  2-6  h  followed  by  annealing  in  an  oxygen-rich 


»’ Address  all  correspondence  to  this  author. 


Uiclccmc  lAUkal*'. 


,  aia^trnmechanical  resocnse  of  electrostricttve  O.gPWMgi/jNbwjOs-O.lPbTiOs 

j.  Zhao  et  a/..  The  influence  of  the  external  stress  on  me  electromechanical  resoons _ _ _ _ _ _ _ 


Temperature  (°C) 


•IG  l  The  dielectric  constant  K  and  dielecmc  loss  D  as  a  function 
,t-  temperarure  for  0.9PMN-0.1PT  ceramics  without  external  stress, 
rhe  measuring  frequency  is  0.1.  1.  and  10  kHz. 

ionosphere  at  900  SC  for  6-24  h.  The  typical  dielectric 
jonstant  of  the  specimens  is  shown  in  Fig.  1- 

In  this  invastieation.  the  uniaxial  stress  applied  to 
-admens  is  provided  by  an  apparatus  developed  re- 
.  cutty  which  has  been  described  in  an  eariy  publication, 
vlakina  use  of  this  apparatus,  the  effective  piezoelectric 
coefficient,  the  elastic  compliance,  and  the  dielecmc 
'onstant  in  the  dc  electric  field-biased  state  can  be 
characterized  under  well-defined  boundary  conditions. 

In  this  anoaratus.  the  strain  response  was  measured 
3v  a  strain  zauze  iKYOWA  KFR-02-  120-C1- 11).  In  the 
ic  electric  field-biased  state,  the  strain  response  of  the 
-ten  is  described  by10 

S3  =  dx-jE-.  —  sf-T;  and  S\  —  dy.E-  -  sr} T3. 

Hence,  in  the  dc  electric  field-biased  state,  a  weak  ac 
electric  field  £,c  1  <  100  V/cm)  induces  ac  strains  S3  and 
S,  (under  constant  stress  condition),  parallel  and  perpen¬ 
dicular  to  £ac,  respectively,  from  which  the  piezoelectric 
coefficients  d33  (  =  S-./E^ e)  and  <i3t  (=*  5,.  £ic)can  be 
determined  (see  Fig.  2).  In  analogy,  by  measunng  the 
—  y .  and  S*  induced  by  a  weak  ac  stress  field  i  ac 
.udo-c  oil  MPa)  under  constant  electric  field  condition, 
the  elastic  compliance  J33  and  sfi  can  be  determined.  In 
this  investigation,  the  strain  was  acquired  at  a  frequency 
of  10  Hz.  In  order  to  improve  the  signal-to-noise  ratio, 
the  voltaze  signai  from  the  strain  gauge  amplifier  was 
measured" by  a  lock-in  amplifier.  Furthermore,  to  ensure 
that  r3  was  uniformly  applied  to  the  specimen,  two 
strain  gauees  attached  to  opposite  faces  of  the  specimen 
wer-  ••'iizeri.  Adjustment  was  made  before  the 
-qu.  ,._n  so  that  the  strain  readings  from  the  two 
strain  gauges  were  the  same  within  5%.  From  repeated 
measurements,  it  was  found  that  this  adjustment  was 
not  verv  crucial  to  the  determination  of  piezoelectric 
coefficients.  However,  for  the  elastic  compliance,  any 
nonuni  formicy  in  T3  can  result  in  a  large  error,  ence,  e 


pjQ  2.  Schematic  drawing  of  (a)  the  polarization  P  and  (b)  strain 
S  responses  of  0.9PMN-0.1PT  in  the  dc  electric  field-biased  state 
where  die  effective  dielectric  constant  is  defined  as  PU/EK  and  the 
effective  piezoelectric  coefficient  as  SX/EK,  respectively.  S*c  can  be 
J,  and  and  £  is  the  electric  field. 

error  in  the  piezoelectric  coefficient  determined  is  within 
5%  while  error  in  the  elastic  compliance  is  about  10%. 

The  dielectric  constant  was  determined  using  either 
a  multifrequency  LCR  meter  (HP  model  4192A),  or  a 
calibrated,  small  resistor  in  series  with  the  specimen. 
In  the  later  method,  the  voitage  across  the  resistor, 
which  is  directly  proportional  to  the  current  flowing 
through  the  specimen,  was  measured  using  a  lock-in 
amplifier.  From  the  data,  the  complex  dielectric  constant 
can  be  determined.  The  frequency  range  for  the  dielectric 
constant  measurement  is  from  10  Hz  to  1  MHz.  The 
polarization  level  at  each  electric  bias  field  and  dc  stress 
state  was  measured  by  a  Saywer-Tower  circuit. 
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Since  the  material  is  operated  at  a  temperature  near 
the  dielectric  constant  maximum  Tm  where  there  is 
a  large  change  in  the  dielectric  constant  (see  Fig.  1) 
and  the  polarization  level  in  the  field  biased  state, 
it  is  necessary  to  characterize  the  electromechanical 
parameters  over  a  temperature  region  about  Tm-  In  this 
investigation,  three  temperatures  were  chosen:  25  3C 
(<  2\J.  50  °C  (near  above  TV).  and  80  °C  (>  Tm). 

III.  THE  DIELECTRIC  RESPONSES 

Presented  in  Fig.  3  is  the  dielectric  constant  acquired 
at  25  aC.  which  is  below  the  dielectric  constant  maxi¬ 
mum  (T*  =  37  °C  at  1  kHz).  Without  dc  electric  bias 
fields,  the  data  in  Fig.  3  show  that  the  dielectric  constant 
decreases  as  the  compressive  stress  Ti  increases,  a 
trend  generally  expected  for  a  dielectric  material  with  a 
positive  electrostrictive  coefficient  Qn-lu2  On  the  other 
hand,  at  high  dc  bias  fields,  for  instance,  at  5  kV/cm.  an 
increase  of  the  dielectric  constant  with  the  compressive 
stress  was  observed.  For  the  pressure  range  investigated, 
a  dielectric  maximum  was  observed  near  60  MPa.  which 
seems  to  be  inconsistent  with  conventional  electrostric¬ 
tive  behavior.  This  could  be  understood  from  the  fact 
that  because  of  the  existence  of  micropolar  regions, 
a  high  dc  bias  field  can  induce  a  macropoiar  state 
in  the  material.  As  the  compressive  stress  increases, 
which  tends  to  reduce  the  macropolarization  level  in  the 
material,  a  ''transformation*  of  the  macropoiar  domain 
state  :o  micropolar  state  occurs,  resulting  in  the  observed 
broad  dielectric  constant  anomaly.13 

It  is  well  known  that  for  a  dielectric  material,  the 
change  of  the  dielectric  constant  K  with  external  stress 
can  be  a  result  of  the  electrostrictive  coupling  in  the 
material.  In  fact,  for  many  aonrerroelectric  materials, 
the  electrostrictive  coefficient  can  be  determined  conve¬ 
niently  from  the  slope  of  i (K  versus  the  applied  stress 
T. 11,12  However,  for  a  ferroelectric  based  electrostrictive 
material  such  as  PMN-PT,  the  change  in  the  dielectric 
constant  can  also  be  a  result  of  the  changes  in  the  local 
polarization  state  as  has  been  pointed  out  in  an  early 
publication  (shifting  of  the  local  Curie  temperatures),12 
Moreover,  the  polarization  response  near  Tm  is  mainly 
from  the  reorientation  process  of  the  micropolar  regions 
to  the  external  electric  field.  These  so-called  ‘‘extrinsic" 
contributions  to  the  dielectric  response  can  be  affected 
by  external  stress.  As  a  consequence,  the  1/ K  versus 
r3  relation  even  for  the  data  without  dc  electric  field 
exhibits  a  strong  nonlinear  behavior  and  the  slope  of 
the  curve  is  far  below  Qu  measured  directly  from  the 
strain-polarization  relationship. 

For  the  data  at  temperatures  above  the  dielectric 
constant  maximum,  the  dielectric  constants  all  show 
monotonic  decrease  with  the  compressive  stress  for  the 
dc  bias  fields  investigated  (up  to  5  kV/cm),  although  ai 


FIG.  3.  The  dielectric  constant  K  and  dielectric  loss  D  as  a  function  of 
the  compressive  stress  T 3  measured  at  Z5  9C  and  different  dc  bias  elec¬ 
tric  fields:  (a)  Eb  —  0.  (b)  E »  1  kV  cm,  (c)  Eb  3  kV/cm.  and 
(d)  Eh  *  5  kV/cm.  The  measuring  fiesuencv  of  the  data:  10  Hz  (A). 
0.1  kHz  (C),  l  kHz  (•),  10  kHz  (x).  :00  kHz  (A),  and  l  MHz  (-). 


50  *C.  the  dielectric  constant  under  5  kV/cm  dc  electric 
bias  field  exhibits  a  plateau  at  T2  <  50  MPa.  which 
is  presented  in  Fig.  4.  The  existence  of- this  plateau  is 
reminiscent  of  the  transformation  of  the  material  from 
a  macropoiar  state  to  a  micropolar  state,  analogous  to 
that  observed  at  25  aC.  Because  of  the  existence  of  the 
micropolar  regions,  even  for  the  data  at  80  °C  (shown  in 
Fig.  5).  the  slope  of  the  dielectric  stiffness  versus  stress 
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FIG  '  The  dielectric  constant  as  a  function  or  is  compressive  T, 
.  30  *C  '  kHz.  and  under  different  dc  bias  adds.  The  dielectric 
constant  at  this  temperature  exhibits  very  little  rispers.on. 
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and  50  SC.  the  dielectric  data  exhibit  strong 
dispersion.  For  that  reason  the  data  were 
frequencies  from  10  Kz  to  above  100  kHz 
the  "influence  of  this  dispersion  by  the  applied 
Apparently,  the  external  stress  Ty  reduces 
ric  dispersion  significantly.  and  accompanying 
den  in  the  dispersion  the  dielectric  loss  is  also 
Tne  results  reveal  that  the  compressive  stress 
.3  the  response  of  the  micropoiar  regions  and 
decree  of  the  relaxor  behavior  in  the  material, 
at  30  ’C  were  acquired  at  a  single  frequency 
because  of  a  very"  weak  frequency  dispersion 
-neranire. 


50  100 

Stress  T3  ( MPa) 

FIG.  a.  The  dielectric  constant  and  dielectric  loss  as  a  ftmedon 
of  the  compressive  stress  Ty  measured  -  =  .  kV/cm_  The 

(b)  En  -  MtV  cm. Ic)  (^oTkHz  id.  l’  !<Hz  (•).  10  kHz 
measuring  rrequency:  10  Hz  [A),  u.i  v 

(xj.  100  fcHz  l— J.  and  1  MHz  (+). 


is  still  far  below  that  determined  by  the 
co*  -at  despite  the  curve  of  l/K  versus  T>  ejdubitm 
a  nearly  linear  relationship  in  the  stress  mg ^ 
tigated.  In  addition,  the  slope  ot  e  u  increased 
as  the  dc  bias  field  increases,  a  signature 
ferroelectric  activity  in  the  material  when  subjected  to 

high  electric  fields. 

tiqtor  Qo<  Vnl 


iv  THE  ELASTIC  COMPLIANCE  AS  A 
FUNCTION  OF  THE  COMPRESSIVE  STRESS 
AT  DIFFERENT  BIAS  FIELDS 

Elastic  comoliances  syy  and  s if  were  characterized  as 
a  function  of  compressive  stress  at  dirrerem  electric  bias 
fields  and  temperatures  are  presented  m  Figs.  6  and  , 
respectively.  The  general  features  revealed  from  the  data 
are  as  follows:  (i)  the  elastic  compliance  increases  with 
dc  bias  fields  and.  hence,  the  polarization  level  in  the  ma¬ 
terial:  fill  the  compliance  exhibits  a  slight  decrease  with 
the  compressive  stress:  (iii)  the  compliance  decreases 
with  temperature  for  the  three  temperatures  measured. 
For  the  ‘data  at  25  °C  under  5  kV  cm.  an  anomaly 
is  observed  which  is  apparently  related  to  the  phase 
transformation  from  a  macropolar  state  to  a  micropoiar 
stats  as  has  been  discussed  in  the  dielectric  data.  In  the 
temperature  and  stress  range  investigated,  the  ratio  of 

—  sTy/sfy  remains  near  1/3. 

In  an  earlv  investigation  by  Cao  and  Evans,  it  was 
found  that  in  soft  PZT.  Poisson’s  nino  can  reach  near  0.5 
when  there  is  a  stress  depoling  of  the  samples  which  is 
a  direct  consequence  of  the  domain  reorientation  during 
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Stress  T,  (MPa) 

FIG.  6.  The  elastic  compliance  jf3  as  a  function  of  the  compressive 
T 3  at  different  temperatures:  fa)  SO  *C  fb>  50  *C.  and  (c)  25  *C:  and 
dc  electric  bias  fields:  1  k V/cm  O.  5  kV/cm  (O),  and  5  kV/cm  (•). 


(b) 


(c) 


StressT.  (MPa) 


FIG.  7.  The  elastic  compliance  sfj  as  a  function  ot  the  compressive 
T-.  at  different  temperatures:  (a)  80  *C  !b)  50  *C.  and  (c)  25  *C:  and 
dc  eiecsic  bias  fields:  zero  bias  (x).  l  kV/cm  (□).  3  kV/cm  (Cl. 
and  5  kV/cm  (•). 


che  denoting  process,  if  there  is  a  significant  contribution 
from  the  reorientation  of  the  macro  polar  regions  to  che 
elastic  process  in  the  material,  one  would  expect  similar 
results,  since  this  process  will  not  generate  volume  strain. 
Therefore,  the  relatively  small  ratio  of  —  sfi/sn  implies 
that  che  reorientation  process  of  micropolar  regions, 
which  is  responsible  for  the  large  dielectric  constant  near 
Tm,  is  not  contributing  significantly  to  the  elastic  process. 


Indeed,  there  is  only  a  very  weak  elastic  compliance  peak 
at  temperatures  near  Tm.15 

V.  THE  EFFECTIVE  PIEZOELECTRIC 
RESPONSES  IN  DC  FIELD-BIASED  STATES 

The  effective  piezoelectric  coefficients  d33  and  d3i  in 
the  electric  field-biased  state  were  characterized  and  are 
presented  in  Figs.  8  and  9.  Analogous  to  the  dielectric 
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FIG.  S.  The  effective  piezoelectric  coefficient  dy  at  the  dc 
field-biased  states  as  a  function  of  the  compressive  T}  at  different 
temperatures:  fai  80  *C.  (b)  50  *C.  and  tc>  15  :C.  and  dc  electnc 
bias'  fields:  i  kV/cm  (•).  3  kV/cm  t*).  and  5  kV/cm  (O). 


constant  and  elastic  compliance  data,  a  broad  peak  of 
d„  at  the  bias  field  of  5  kV/cm  data  was  observed.  In 
addition,  there  is  also  a  weak  peak  at  3  kV/cm.  while 
at  1  kV/cm  d33  decreases  monotonicailv  with  the  stress. 
As  pointed  out  earlier,  this  anomalous  behavior  observed 
at  3  and  5  kV/cm  bias  fields  is  associated  with  the 
phase  transformation  in  the  material  in  the  dc  field- 
biased  state  from  a  macropolar  state  to  a  micropolar 


Stress  T.  (MPa) 

rIG.  9.  Tne  effective  piezoelectric  coefficient  dji  at  the  dc 
field-biased  states  as  a  function  of  the  compressive  71  at  different 
temoeratures:  <ai  30  *C.  (b)  50  *C.  and  tO  15  *C:  and  dc  electnc 
bias'  Seids:  1  kV/cm  (•).  3  kV/cm  (xl  and  5  kV/cm  (O). 


state.  The  peak  is  much  less  pronounced  in  the  data  of 
di\.  At  higher  temperatures,  both  dy  and  dy  exhibit 
a  monotonic  decrease  with  the  compressive  stress.  The 
decrease  of  dy  and  dy  with  the  compressive  stress  at 
higher  temperatures  is  a  result  of  the  reduction  of  the 
polarization  level  Pj  and  the  dielectric  constant  K  at  the 
dc  field-biased  state  with  the  stress.  In  fact,  the  ratio  of 
dyi  for  dy)  to  P)K,  which  is  directly  proportional  to 
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response  of  electrostnctive  0.9PbiMgmNb^)03-0.l  PbTIOj 


the  effective  electrostnctive  coefficients  of  the  ceramic 
sample,  does  not  show  marked  change  with  stress. 

Based  on  <f33  and  dy  data,  the  hydrostadc  piezo¬ 
electric  coefficient  dk  {d-„  —  dy.  —  -dy)  in  the  dc  field 
biased  state  is  evaluated  and  presented  in  Fig.  10.  One 
of  the  interesting  features  of  the  data  in  Fig.  10  is  that  a 
very  pronounced  peak  in  d„  is  observed  at  25  C  under  a 
5  kV /  cm  bias  field.  For  the  data  at  higher  temperatures, 
a  weaker  but  clear  peak  is  observed  under  5  k V/ cm  bias 


Stress  T3  (MPa) 

FIG.  10.  The  effective  hydrostatic  piezoelectric  coefficient  d>,  at  the 
dc  field-biased  states  as  a  function  of  the  compressive  7j  at  different 
temoemtures:  (a)  SO  ‘C.  (b)  50  *C.  and  (c)  25  *C;  and  dc  electric  bias 
iields:  1  •cV/cm  <•>.  3  kV/cm  (x).  and  5  kV/cm  (O). 


field.  This  is  in  sharp  contrast  to  the  dielectric.^  elastic 
compliance,  and  piezoelectric  u33  and  dy  coefficients 
where  the  peak  associated  with  the  anomaly  is  much 
weaker.  As  has  been  pointed  out.  the  anomaly  is  due 
to  the  transformation  from  a  macropolar  state  to  a 
micropolar  state  due  to  the  applied  stress.  The  result 
reveal's  that  this  transformation  involves  a  large  volume 
chanse  which  yields  a  large  change  in  dh  in  the  broad 
transition  region. 

In  a  recent  study  of  the  electrostnctive  coefficients 
of  prototype  cubic  phase  of  PMN.  it  was  found  that  the 
hvdrostadc  electrostricdve  coefficient  is  about  0.08  m-/ 
C\3  This  value  is  more  than  10  times  higher  than 
that  determined  directly  from  a  field-induced  strain 
measurement.2  The  difference  between  the  two  results 
lies  in  the  fact  that  at  temperatures  near  Tm,  the  material 
has  a  high  populadon  of  micropolar  regions  and  the 
reorientadon  of  these  polar  regions  does  not  generate 
volume  change.  Consequently,  the  Qh  measured  from  the 
volume  strain-polarizadon  relationship  at  temperatures 
near  7,  has  a  much  smaller  value  than  the  intrinsic 
Qk  value  of  the  material.  ( Q:,  for  the  prototype  cubic 
phase  of  0.9PMN-0.1PT  is  nearly  the  same  as  that  of 
PMN.  i  In  this  paper,  this  low  vaiue  of  Oh  measured  from 
fieid-induced  volume  strain  S-  at  temperatures  near  T-n 
is  named  as  the  apparent  Qh  \Ql)  of  the  material  to 
distinzuish  it  from  the  intrinsic  Q:,  which  is  determined 
from  the  change  in  the  lattice  constant  of  the  unit  ceil 
due  to  the  change  in  polarization. 

For  0.9PMN-0.1PT.  Qf,  -  0.006  m*/C2  at  room 
temperature  without  external  field.  From  the  eiectrostric- 
tive*  relation  5,.  =  Qf,P:.  where  P  is  the  total  polariza¬ 
tion  response  in  the  sample,  and  also  Sv  —  Qi,P~.  •  where 
p  is  cne  polarization  response  which  generates  volume 
strain,  the  ratio  PJP  =  v£2.t  Qi,  can  be  determined. 
For  PMN-PT  near  Tm.  this  ratio  is  about  0.27.  which 
implies  that  about  70%  of  the  weak  field  polarization 
response  in  0.9PMN-0.1PT  at  temperatures  near  Tm  is 
due  to  the  reorientation  of  the  micropolar  regions,  which 
does  not  generate  the  volume  change  of  the  material. 

This  observation  raises  an  interesting  issue  on  how 
to  improve  the  hydrostatic  response  of  the  material, 
which  is  important  for  many  underwater  applications.  By 
reducing  the  polarization  response  related  to  the  micro- 
polar  region  reorientation,  even  if  this  may  not  increase 
dh  in  the  case  that  in  the  material  does  not  change 
(from  the  eiectrostrictive  relation.  dh  =  lQhP,  lP*  in 
the  field  biased  state),  the  reduction  of  the  dielectric 
constant  will  improve  the  hydrostatic  figure  of  merit 
dHSh  since  gh  is  equal  to  djK.  The  dhgh  for  the  samples 
investigated  is  presented  in  Fig.  1 1 .  As  can  be  seen  from 
the  figure,  in  spite  of  the  fact  that  the  material  possesses 
a  relatively  high  dh  (>  -WO  pm/  V.  about  10  times  higher 
than  that  of  PZT  piezoceramics),  the  relatively  high 
dielectric  constant  due  to  the  micropolar  region  reori- 
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FIG.  11.  The  hydrostatic  rigure  of  ^dc^fidd^a^l 

<^oV  TTx!  ZT™C:  and  dc  electnc  bias  fields: 
l  icV/cm  '•>-  3  :<V  "cm  (X).  and  a  kV/cm  O. 


an  r  The  electromechanical  coupling  factor  *33  (calcu1^  ^ 


^■S2r',difS?^m(SS5^5? 

L  s'ame  as  to  of  to  ptopolymor  PVDF. 

VI.  THE  ELECTROMECHANICAL  COUPLING 

FACTOR  A33  UNDER  UNIAXIAL  S  3 

From  *o  too  presanto  in  to  pto fi”|eS'’£ 
*„  decnomeehMial  coupling  totor  t».  defined  as 

i  M«mr  P<=S..  V0l. 


kz_  =  dl.  ifCsos ?3).  where  e0  is  *e  vacuum  permimv- 
icv'  can  be  derived.10  The  coupling  tactor  as  a  riincnon 
of  r,  is  presented  in  Fig.  12.  Apparently,  at  high  dc 

bias  olotoc  tods  to  witoui  =s.OTd  »*l o 
A  qpmN-0  1PT  at  temperatures  near  Tm  is  near  tnai 
ofsofT PZT  i.e..  above  0.7.  A  disappointing  teature 
of  this  material  is  that  ky,  ^°PS  *“«  significantly  as 
the  material  is  subjected  to  external  compressive  stress^ 
TOs  seems  inevitable  from  the  data  presented  m  the 
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preceding  sections  since  the  reduction  of  the  piezoelec¬ 
tric  coefficients  with  stress  is  due  to  the  reduction  in 
both  the  dielectric  constant  and  the  polarization  level 
in  the  rieid-biased  state  while  the  elastic  compliance 
does  not  show  a  marked  reduction  with  stress.  As  a 
result.  .£53  is  reduced  with  stress.  In  order  to  improve 
the  material  performance  with  stress,  one  may  need  to 
develop  materials  with  a  broader  dielectric  peak  so  that 
the  reduction  of  the  polarization  and  dielectric  constant 
with  stress  can  be  reduced. 

VII.  SUMMARY 

The  influence  of  uniaxial  compressive  stress  on  the 
electromechanical  behavior  of  0.9PMN-0.1PT  ceramics 
under  dc  bias  electric  fields  at  temperatures  near  Tm 
was  investigated.  The  compressive  stress  T 3  reduces  the 
responses  of  the  micropolar  regions,  which  results  in  a 
decrease  in  the  dielectric  constant,  dielectric  dispersion, 
dielectric  loss,  and  effective  piezoelectric  coefficients. 
Our  results  also  show  that  the  response  of  the  micro- 
poiar  regions  contributes  far  less  to  the  elastic  process 
compared  with  the  dielectric  process.  Hence,  the  elastic 
compliance  does  not  exhibit  a  marked  change  with  stress 
and  the  ratio  of  -^3/533  remains  near  1/3.  By  combin¬ 
ing  the  data  of  the  piezoelectric  coefficient,  the  dielec¬ 
tric  constant,  and  elastic  compliance,  the  longitudinal 
electromechanical  coupling  factor  £53  was  derived  and 
was  shown  to  decrease  with  the  compressive  stress  7%. 

For  electrostrictive  PMN-PT  at  temperatures  near 
Tmj  the  material  can  be  convened  into  a  macropolar 
state  by  applying  a  high  dc  electric  field.  Compressive 
stress  will  force  the  material  back  into  a  micropolar  state, 
and  the  experimental  results  reveals  that  there  is  a  broad 
transformation  region  between  the  two  states  instead  of  a 
smooth  process.  This  transformation  involves  a  change 
in  pan  of  the  material  between  a  rhombohedral  phase 
and  a  cubic  phase  which  involves  a  large  volume  strain 
as  revealed  by  a  pronounced  peak  in  the  hydrostatic 


piezoelectric  coefficient  dh.  This  phenomenon  could  be 
used  to  enhance  the  hydrostatic  piezoelectric  response 
of  the  material  if  the  bias  stress  level  is  properly  ad¬ 
justed.  Furthermore,  for  a  given  external  prestress  level, 
the  material  composition  may  be  adjusted  so  that  this 
transformation  will  occur  at  the  given  stress. 

ACKNOWLEDGMENT 

This  work  was  supported  by  the  Office  of  Naval 
Research. 

REFERENCES 

1.  L.E.  Cross.  Ferroeiectrics  76.  2d  l -257  (1987). 

2.  Q.  M.  Zhang  and  L  Zhao,  AopL  Phys.  Lett.  71  (12),  1649-1651 
{ I 997V 

3.  J.  Zhao.  A.  E.  Glazounov,  and  Q.M.  Zhang,  Appl.  Phys.  Lett. 
i  !998.  in  press). 

4.  Q.M.  Zhang.  H.  Wang,  N.  Kim.  ana  LE.  Cross,  J.Appl.  Phys. 
75.  4fu  ( 1994). 

5.  Q.  M.  Zhang.  J.  Zhao,  EC.  I’chino.  2nd  J.  Zheng,  J.  Mater.  Res. 

12.  225-234  (1997). 

6.  2.  Zhao.  Q.  M.  Zhans,  N.  Kim.  and  7.  Shrout.  Jon.  J.  Appl.  Phvs. 
34 ,10).  5658-5663  (1995). 

7.  5.  M.  Pilgnm.  M.  Massuda.  J.  D.  Prccey.  and  A.  P.  Ritter.  J.  Am. 
Ceram.  5oc.  75  (7),  1964-1969  •1992). 

3.  C.  L.  Horn.  S.M.  Pilgrim.  N.  Shankar.  K.  Bridger.  M.  Massuda. 
and  S.R.  Winzer.  IEEE  Trans.  Gleason..  Freq.  Cone  41  (4). 
5-2-551  ri  994). 

9.  5.L.  Swartz  and  T.R.  Shrout.  Mare:.  Res,  Bull.  17.  1245-1250 

•  1932.. 

10.  iEEE  Standard  on  Piezoeiecmc IEEE.  Ultrason..  Ferroeiec:.. 
and  Freq.  Contr.  Soc..  ANSLTESE  Sid.  176-1897  (1987). 

11.  V.  Sundar  and  R.  E.  Newnnam.  Ferroeiectrics  135.  431 — 

•  29925. 

12.  Q.  M.  Zhang.  W.  Y.  Pan.  S.  J.  Jans,  and  L.  E.  Cross,  Ferroeiectrics. 
88.  147 -.5-  M 988). 

13.  G.  A.  Samara.  Phys.  Rev.  Lett.  77.  5 1 -—317  (1996). 

14.  H.  Cao  and  A.G.  Evans.  J.  .An.  Cemm.  Soc.  76  (4),  890-896 
f  1993 ». 

15.  D.  D.  Vlehiand.  Ph.D.  Thesis.  The  Pennsylvania  State  Universiry 

(1991k 

1 6.  H.  Wang.  Ph.D.  Thesis,  The  Pennsylvania  State  University  (1994). 


J.  Mater.  Res..  Vol.  14.  No.  3.  Mar  1999 


956 


APPENDIX  14 


applied  physics  letters 


VOLUME  74.  SUM  BE! 


JANUARY  1999 


Change  in  electromechanical  properties  of  0.9PMN:0.1  PT  relaxor 
ferroelectric  induced  by  uniaxial  compressive  stress  directed 
perpendicular  to  the  electric  field 
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(Received  12  October  1998:  accepted  for  publication  11  November  1998) 

It  was  shown  that  the  uniaxial  compressive  stress  applied  perpendicular  to  the  electnc  held  strongly 
chances  the  dielectric  and  electromechanical  properties  of  relaxor  ferroelectric  0  9PMN.0.1PT  at 
temperatures  around  its  dielectric  constant  maximum.  Tm.  This  includes:  (t)  a  shirt  or  i  e 
temperature  of  the  electric  field  induced  phase  transition  into  the  ferroelectric  state  and  a  depoltng 
temperature  to  hicher  values  which  brings  a  large  hysteresis  tn  the  material  response  to  the  electnc 
held  and  (ii)  the  svmmetiw  breaking  in  the  plane  perpendicular  to  the  direction  of  the  electnc  neld 
1 3-axis).  Lisins  this  symmetry  breaking,  from  the  ratio  of  the  effective  ptezoelectnc  coefficients  in 
the  field  biased  state.  .  the  size  of  the  micropolar  regions  at  temperatures  near  T.„  was 

estimated.  ©  1999  American  Institute  of  Physics.  [S0003-695 1(99)04503-9] 


In  recent  years,  the  electrostricrive  properties  of  relaxor 
ferroelectrics  (relaxors)  have  been  the  tocus  of  intensive 
studies  in  view  of  their  application  in  actuators  and  transduc¬ 
ers.  This  is  because  at  temperatures  around  the  dielectric 
constant  maximum.  Tm .  relaxors  exhioit  large  electrostric- 
tive  strain,  the  strain-held  relationship  is  practically  free  of 
hysteresis/  and  the  effective  piezoelectric  coefficient^can  be 
tuned  bv  chancing  the  magnitude  of  the  dc  bias  field.  These 
features  are  hishlv  desirable  tor  actuators  used  in  precise 
micropositioning  and  for  applications  in  smart  structures. 

The  material  selected  for  this  study  was  solid  solution 
i  1  -.yjPMN/vPT.  with  .v  =  0. 10.  because  it  exhibits  the  high¬ 
est  strain  around  room  temperature  among  other  relaxor 
compositions.  The  goal  was  to  characterize  the  change  in  its 
electromechanical  properties  with  external  stress,  since  in 
most  actuator  and  transducer  applications,  the  material  is  of¬ 
ten  subjected  to  high  external  mechanical  load.  In  addition  to 
these  purelv  practical  issues,  we  also  demonstrate  results 
which  are  of  interest  from  a  fundamental  point  of  view.  It  is 
shown  that  bv  using  the  stress  dependence  ot  the  piezoelec¬ 
tric  coefficients  of  0.9PMN:0.1PT  one  can  deduce  the  size  of 
the  micropolar  regions. 

The  ceramic  samples  were  fabricated  using  a  route  de¬ 
scribed  in  Ref.  3.  The  uniaxial  stress  was  applied  to  the 
specimen  using  an  apparatus  developed  recently.  In  the 
studied  temperature  range  around  T,n.  the  electric  field  in¬ 
duced  strain  of  0.9PMN:0.1PT  is  electrostrictive,1*-  and 
therefore,  a  direct  current  (dc)  electric  bias  field  was  applied 
in  order  to  characterize  the  stress  dependence  of  the  effective 
piezoelectric  coefficients  ot  this  material. 

Durins  the  experiments,  the  induced  strain  was  mea¬ 
sured  using  a  strain  gauge  (“K\OWA  ).4  In  the  dc  electric 
field  biased  state,  the  longitudinal.  Sy.  and  transverse,  S;(y* 
=  1.2).  strain  responses  of  the  material  can  be  described  by 

'  Sy  =  dyyEy  +  Sy\(T\  and  S.  =  d:yEy  +  s^j<r] . 


*  Coaespondirii:  author,  electronic  mail:  q\zl<s  psu.edu 
CC03-6S5 1  •  99/74(3 1/436/3/S  ‘5.00 


where  <i:/  is  the  effective  piezoelectric  coefficient,  sfj  is  the 
elastic  compliance,  and  the  coordinate  system  is  chosen  such 
that  the  3-axis  is  parallel  to  the  applied  electric  field,  the 
I -axis  is  along  the  compressive  stress,  and  the  2-axis  is  per¬ 
pendicular  to  the  1-  and  3-axes,  respectively.  Under  the  con¬ 
stant  stress  condition,  we  apply  a  weak  alternating  current 
iaci  electric  field  £aci  <  100  V/cm)  to  induce  ac  strains  S}. 
5, .  and  5-.  parallel  and  perpendicular  to  £ac.  from  which 
the  effective  piezoelectric  coefficients  dyyi—Sy/E.^)  and 

=  5  /£ac .  j  =  1.2)  can  be  determined.  In  order  to  ensure 
that  cr  was  uniformly  applied  to  the  specimen,  two  strain 
gauges  attached  to  opposite  faces  of  the  specimen  were  uti¬ 
lized.  Adjustments  were  made  before  acquiring  the  data  so 
that  the  strain  readings  from  the  two  strain  gauges  were  the 
same  within  5 %.  The  dielectric  constant.  e.  was  measured  b} 
usinc  a  calibrated  small  resistor  connected  in  series  with  the 
specimen,  and  monitoring  the  voltage  drop  across  the  resis¬ 
tor.  which  is  related  with  the  current  flowing  through  the 
specimen.  The  polarization  level  at  each  electric  bias  field 
and  constant  stress  state  was  measured  by  a  Sawyer-Tower 
circuit.  All  the  measurements  of  dy.  €  and  the  polarization 
were  performed  using  a  frequency  of  10  Hz. 

Since  the  material  is  operated  at  temperatures  near  the 
dielectric  constant  maximum,  where  there  is  a  large  change 
in  material  properties  with  temperature,  it  is  necessary  to 
characterize  them  over  the  temperature  range  around  Tm .  In 
stress-free  conditions  and  without  a  dc  bias  0.9PMN:0. 1PT 
has  r?fr~35°C  at  10  Hz.  Thus  to  have  a  systematic  picture, 
three  points  were  chosen:  25  "C  (below  T„f),  50  °C  (slightly 
above  Tm),  and  80 ZC  (above  Tm). 

Unlike  normal  ferroelectrics.  in  relaxors  the  maximum  in 
e(  T)  at  Ttn  does  not  correspond  to  the  spontaneous  structural 
phase  transition  to  the  polar  state.5*7  In  the  (  1 
-.r)PMN:.rPT  system,  with  .v<0.3.  the  phase  transition  oc¬ 
curs  at  lower  temperatures  and  only  under  a  large  electnc 
field.'"10  which  is  represented  by  the  electric  field- 
temperature  phase  diagram.*  Once  induced,  the  macropolar 
state  will  remain  stable  at  temperatures  below  Ttl .  above 
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T  =  25°C  T  =  50°C 


1500  - 
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FIG.  I.  Polarization  and  dielectric  data  measured  at  25  'C  at  frequency  10 
Hz.  (a*  Change  in  the  polarization-electric  rieid  hysteresis  loop  with  the 
compressive  stress  <r-  from  slim  loop  (micropolar  state)  to  square  loop 
characteristic  of  regular  ferroelectric  state.  The  axis  scaie  is  1.5  kV/cm  per 
division  for  electric  held  and  0.14  C/nr  per  division  for  polanzation.  (b> 
Stress  dependence  of  small-signal  dielectric  constant  measured  at  different 
dc  bias  rieid.  Symbois  show  experimental  data  and  :he  lines  are  drawn  to 
guide  the  eye. 


SO  120  160  o  30  120  160 
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RG.  2.  Hrrecrive  piezoelectric  coefficients.  c':}.  d?].  and  dy2.  ot 
0.9PMN:0.  IPT  in  the  electric  field  biased  state  measured  as  a  function  of 
compressive  stress,  cr  .  and  dc  bias  at  two  temperatures:  25  :C  (left  column) 
and  50  ZC  -  right  column).  The  frequency  of  small  -c  probing  field  is  10  Hz. 
Symbols  show  experimental  data,  and  the  lines  are  drawn  to  guide  the  eye. 


which  the  thermal  depoiing  of  the  mo-tcriaii  occurs.  Accord- 
ins  to  the  phase  diagram,  the  depoiing  temperature.  Td. 
shifts  to  higher  values  under  the  dc  bias  held.  The  thermal 
depoiing  of  the  material  above  Td  manifests  itself,  for  ex¬ 
ample.  in  the  change  of  the  shape  ot  the  polarization-field 
dependence  from  a  rectangular  loop  below  7\  _to  the  so- 
called  slim  loop  without  hysteresis  around  On  a  mi¬ 

croscopic  level,  the  depoiing  is  described  as  breaking  of  the 
macropolar  state  into  small,  nanometer  scale  size,  regions 
with  the  local  spontaneous  polarization  i micropolar  state). 

In  a  normal  ferroelectric  the  elecrrostrictive  coupling  in 
the  material  shifts  the  Curie  temperature.  77.  under  the  ex- 

■>ii 

temal  stress  according  to*' 

\T=  2  er>CQ  and  AT=2e0CQ\2cr\ •  (2) 

where  AT=T  icr.)-T,(0).  e0=8.S54X  lO-i:F/m.  Cisthe 
Curie- Weiss  constant.  Qu  and  Q are  the  longitudinal  and 
transverse  elecrrostrictive  coefficients,  respectively,  and  we 
use  a  conventional  sign  notation  that  the  compressive  stress 
is  of  nesative  sisn.  The  trend  should  be  the  same  for  relaxor 
0.9PVIN:0.1PT.  where  one  should  expect  that  the  depoiing 
temperature  will  be  shitted  by  the  external  stress.  For  ex¬ 
ample.  a  compressive  cr,  stress  should  shift  Td  to  higher 
values,  since  in  0.9PMN:0. IPT  Qi;<0.n 

Indeed,  as  shown  in  Fig.  1(a).  at  25  rC.  there  is  a  trans¬ 
formation  of  the  polarization-field  dependence  from  a  slim 
loop  under  the  stress  free  condition  to  a  nearly  square  hys¬ 
teresis  loop  under  a  high  compressive  stress,  cr , .  This  im¬ 
plies  that  the  macropolar  state  induced  by  the  electric  field 
becomes  -tabie  at  room  temperature  after  the  field  is  turned 


off.  In  other  words,  the  compressive  stress  shifted  the  depoi¬ 
ing  temperature  from  Td**  10 °C.  Ref.  2.  to  higher  values  so 
that  now  T.a  cr -)>25°C. 

The  stress  dependence  of  the  dielectric  constant  mea¬ 
sured  at  different  dc  bias  fields  at  25  :C  also  presents  evi¬ 
dence  that  the  external  stress,  cr, .  moves  the  depoiing  tem¬ 
perature  to  higher  values,  only  that  now  Td  is  a  function  of 
both  the  dc  bias  field,  Eh ,  and  cr, .  In  -he  plot  in  Fig.  1(b), 
the  anomalous  change  in  €  measured  at  £„=  1  kV/cm  around 
cr,=  80  MPa  can  be  explained  in  terms  of  the  phase  transi¬ 
tion  from  the  micropolar  state  to  the  macropolar  state.  This 
corresponds  to  the  shift  in  the  depoiing  temperature  from 
7\^15'C  at  the  stress  free  condition. to  25  °C  at  cr, 
=  80  MPa.  at  the  same  value  of  the  dc  bias.  Eb  =  L  kV/cm. 
Furthermore,  since  Td  increases  with  increasing  dc  bias,8  one 
should  expect  that  at  larger  Eb .  a  lower  stress  level  will  be 
required  to  induce  the  macropolar  state.  Indeed,  this  can  be 
seen  in  Fig.  lib),  where  at  Eb  =  }  and  5  kV/cm,  the  gradual 
decrease  in  e'er,)  indicates  that  the  material  is  in  the 
macropolar  state  already  at  cr,  =0.  Similar  gradual  change  is 
also  observed  in  e(er,)  measured  at  l  kV/cm  at  high  stress 
levels.  Fig.  lib). 

For  the  effective  piezoelectric  coefficients,  the  phase 
transition  to  macropolar  state  manifests  itself  in  the  form  of 
the  maximum  in  e/,;(cr,),  as  shown  in  Fig.  2  at  25  °C  at  Eb 
=  1  kV/cm.  L'sing  the  equation  for  the  effective  piezoelectric 
coefficients  of  the  elecrrostrictive  material,  for  example." 
d^-20u€r.eP( Eh),  the  maximum  can  be  explained  as  a 
result  of  competition  between  the  increase  in  the  macro- 
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FIG.  3.  Stress.  tr, .  dependence  of  Ini J}])  calculated  from  the  data 
measured  at  50  JC  at  dc  bias  held  of  1  kV.'cm.  In  these  conditions,  the 
effective  piezoelectric  coefficients  represent  the  strain  response  of  the  ma¬ 
terial  due  :o  reonentation  of  the  micro-poiar  regions.  Closed  circles  show 
the  experimental  data,  and  the  solid  line  corresponds  to  the  fit  of  Eq.  (5>  to 
the  data. 

scopic  polarization.  P{Eh).  during  the  phase  transformation 
and  the  drop  of  the  dielectric  constant,  shown  in  Fig.  Kb). 

Besides  the  fundamental  interest  that  an  external  stress 
can  affect  the  electric  field-temperature  phase  diagram  of 
reiaxors.*’  the  results  presented  in  Fig.  lfa)  raise  an  impor¬ 
tant  issue  for  practical  application  of  these  materials. 
Namely,  even  though  at  zero  stress  the  material  does  not 
exhibit  hysteresis  in  the  polarization-field  and  strain-field  re¬ 
lationships.  application  of  high  mechanical  load  can  trans¬ 
form  into  a  state  with  a  large  hysteresis,  which  will  sig¬ 
nificantly  affect  the  performance  of  the  device. 

Another  interesting  issue  revealed  by  this  study  is  a  large 
difference  between  d}]  and  d}2.  which  means  that  the  exter¬ 
nal  stress  cr  breaks  the  symmetry  between  the  1-  and  2-axes. 
The  difference  includes  numerical  values  and  even  the  shape 
of  the  stress  dependence  (at  50  ;C>  of  both  coefficients.  Fig. 
2.  For  the  piezoelectric  response  from  the  intrinsic  contribu¬ 
tion.  i.e..  from  the  induced  lattice  strain,  based  on  the  phe¬ 
nomenology  and  known  experiment  data,  one  would  not  ex¬ 
pect  such  a  large  difference  between  d32  and  .  On  the 
other  hand,  for  extrinsic  contributions,  such  as  domain  wall 
motion  or  reorientation  of  the  micropolar  regions,  which  are 
thermally  activated  processes,  the  stress  cr,  can  induce  a 
large  difference  between  d2\  and  d}:. 

We  can  demonstrate  that  using  the  data  measured  at  Eb 
=  1  kV/cm  at  50  °C.  At  l  kV/cm.  no  evidence  for  the  phase 
transition  to  the  macropolar  state  was  observed  within  the 
whole  studied  range  of  stress  cr, .  Therefore,  the  material  can 
be  described  as  an  ensemble  of  the  micropolar  regions,  and 
for  temperatures  near  Tm  its  response  to  small  ac  field  is 
dominated  by  their  reorientation. u  Since  these  regions  are 
also  ferroelastic  and  generate  strain  response,  the  measured 

and  d-:2  represent  the  strain  related  with  the  reorientation 
of  the  polar  regions  in  the  direction  of  ac  probing  field,  i.e.. 
along  3-axis.  In  (  l  -,r)PMN:.vPT  family,  the  micropolar  re¬ 
gions  have  a  rhombohedral  structure.15  and  therefore,  the 
measured  strain  is  related  with  the  polar  vector  reorientation 
on  71'  and  109°.  For  a  ceramic  specimen  consisting  of  ran¬ 
domly  oriented  crystallites,  the  largest  contribution  to  the 
strain  S  -  and  S2  will  be  from  the  polar  regions  whose  polar 
axis  is  initially  close  to  I-  and  2-axes,  respectively. 

When  an  external  static  stress  is  applied  to  the  specimen. 


the  initial  orientation  of  individual  micropolar  region  will 
depend  also  upon  extra  energy  term  crlS\Vr  resulting  from 
the  coupling  of  stress  cr,  to  the  local  strain  5,  in  the  polar 
region  i  Vr  is  the  volume  of  the  polar  region).  Thus,  the  dif¬ 
ference  between  the  population  of  the  polar  regions  oriented 
along  l-  and  2-axes  will  depend  upon  the  elastic  energy  dif¬ 
ference  between  these  two  orientation  states.  Therefore,  one 
can  write 


JK  \±S\Vr 

— —  —  exp  — ; — —  cr 


where  kB  is  the  Boltzmann  constant,  and  AS,  is  the  differ¬ 
ence  in  the  strain  S<  for  polar  region  oriented  along  1-axis 
and  2-axis,  respectively.  We  stress  again  that  we  assume  that 
all  the  strain  response  of  0.9PMN:0.1PT  is  from  the  micro- 
poiar  region  reorientation,  which  is  a  good  approximation  for 
the  reiaxor  ferroeiectric  at  temperatures  near  Tm  . 14 

Indeed,  as  shown  in  Fig.  3.  the  plot  of  lnW32/^3[)  vs  cr[ 
yields  nearly  a  straight  line,  as  predicted  by  Eq.  (3).  From  the 
average  slope  of  the  line,  we  evaluated  the  volume  V r  of  a 
single  micropolar  region,  using  A5,  =0.1%  based  on  the  lat¬ 
tice  constant  data  of  the  rhombohedral  polar  phase  for  close 
composition.  PMN.  which  were  obtained  using  a  high- 
resoiution  neutron  powder  diffraction.16  The  estimate  yielded 
V;-**  IGOx  10~  A3,  which  corresponds  to  the  size  of  the  polar 
region  approximately  equal  to  -6  A.  assuming  that  the  region 
has  a  spherical  shape.  This  estimate  is  consistent  with  the 
value  of  100  A  derived  using  other  experimental 
techniques. lDj '  indicating  that  the  polar  regions  existing  in 
the  material  indeed  have  a  nanometer  scale  size. 
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Large  hydrostatic  piezoelectric  coefficient,  djj  -  111  pC/N,  for  compositions  in  the  system 
(1-x)  Bi(NiTi)^03:  (x)  PbTiC^tBPNT]  has  been  reported  in  this  paper.  Temperature  depend¬ 
encies  of  the  dielectric,  elastic,  and  piezoelectric  properties  of  two  compositions,  x  =  0.40 
and  x  =  0.50,  around  the  morphotropic  phase  boundary  of  Mn+2  doped  BPNT  ceramics  have 
been  studied.  Room  temperature  dielectric  hysteresis  loops  with  Pr  =  37.86  pC/cm2  and 
Ec  =  25.75  kV/cm  were  observed  for  x  =  0.40.  Electromechanical  coupling  factors, 
kp  =  32.5  %,  k31  =  19.7  %,  and  =  57.1  %  and  piezoelectric  constants,  d33  =  250  pC/N, 
d3i  =  -67  pC/N,  and  dh  =  111  pC/N  were  measured  in  the  BPNT-40  composition.  The  hydro¬ 
phone  figure  of  merit,  dhgh  =  1055  x  10~i5  m2/N  was  calculated  from  these  measurements. 


INTRODUCTION 

The  solid  solution  bismuth  nickel  titanate  -  lead  titanate, 
(1-x)  Bi(NiTi)*/103  :  (x)  PbTi03  [BPNT-x],  system  has  a  morphotropic  phase  boundary 
at  x  *  0.445. 1  BPNT  compositions  have  high  Curie  temperatures  on  the  order  of  400°C 
and  have  shown  high  mechanical  strength  (a  =  170  MPa).  These  features,  as  well  as, 
the  large  remanent  polarization  values  (30  pC/cm2)  make  BPNT-x  ceramics  attractive 
for  high  temperature  sensor  applications.  However,  the  large  coercive  fields 
(>45  kV/cm)  and  low  breakdown  strength  could  limit  the  ability  to  fully  pole  the 
ceramics.  Takenaka,  et  al.  has  proposed  MnC03  additions  to  increase  the  breakdown 
strength  and  enhance  the  poling  efficiency  of  these  materials.2,3,4 
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In  our  earlier  work  large  hydrostatic  d*  values  have  been  reported  on  these 
materials.5  In  this  paper  we  report  various  ferroelectric  and  piezoelectric  properties  for 
these  high  temperature  -  low  lead  content  -  piezoelectric  compositions.  To  enhance 
poling,  0.02  wt%  MnCC>3  was  added  to  these  compositions.  Temperature  dependencies 
of  two  selected  BPNT-(x)  compositions  with  x  =  0.40  and  x  =  0.50  were  measured. 
Hydrostatic  piezoelectric  coefficient,  d*,  and'  hydrophone  figure  of  merit,  d*gk  were 
determined  on  these  samples. 

EXPERIMENTAL  PROCEDI  IRF. 

Ceramics  were  prepared  using  the  conventional  mixed-oxide  method.  The 
milled  powders  were  calcined  at  800°C  for  one  hour  and  then  re-milled.  Pellets  were 
then  pressed  and  sintered  at  1100°C  for  two  hours  in  air.  After  polishing,  fired-on 
silver-paste  electrodes  were  applied  to  the  ceramic  samples. 

The  dielectric  constant  and  loss  were  measured  using  a  computer-controlled 
multifrequency  LCR  meter  (HP  4 174 A,  Hewlett-Packard,  Inc.).  The  temperature 
dependence  of  the  dielectric  constant  and  loss  was  also  measured  using  a  liquid  nitrogen 
fed  furnace  with  a  working  range  of  -150°C  to  500°C.  Dielectric  hysteresis 
measurements  were  made  using  a  modified  Sawyer-Tower  circuit. 

Piezoelectric  measurements  were  made  on  samples  poled  at  42  kV/cm  while 
cooling  from  100°C  to  room  temperature  in  a  silicone  oil  bath.  After  for 
24  hours,  d33  was  measured  using  a  Berlincourt  d33  meter.  The  rest  of  the  piezoelectric 
and  elastic  constants  were  determined  using  the  fundamental  resonance  and  first 
overtone  frequencies,  as  described  in  the  IEEE  standards  on  piezoelectricity.  * 
Hydrostatic  piezoelectric  measurements  were  made  using  a  hydraulic  pump  and  pressure 
vessel.  An  actuator  within  the  pressure  vessel  was  used  to  apply  a  small  dynamic 
hydrostatic  pressure  at  a  frequency  of  30  Hz.  The  voltages  produced  by  both  the  test 
specimen  and  a  standard  (PZT-5A)  were  measured  with  a  spectrum  analyzer.  These 
voltages  were  then  used  to  calculate  the  value  of  db. 

The  temperature  dependence  of  the  piezoelectric  coefficients  was  evaluated 
using  an  impedance  analyzer  (HP-4194A,  Hewlett-Packard,  Inc.)  and  a  nitrogen-fed 
furnace  (DD-2300,  Delta  Design,  Inc.).  The  same  method  previously  mentioned  was 
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used  to  calculate  these  coefficients  between  -150°C  and  100°C.  After  cycling  through 
the  temperature  runs,  d33  was  re-measured. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  the  dielectric  constant  for  the 
two  compositions.  The  room  temperature  dielectric  constant  (measured  at  1  kHz)  is 
860  and  the  dissipation  factor  0.047  for  BPNT-50  the  values  of  1289  and  0.084  are 
measured  respectively  for  BPNT-40.  At  the  transition  temperature  for  BPNT-50, 
~375°C,  the  dielectric  constant  value  of  30500  is  measured  as  shown  in  the  figure. 
Another  weak  anomaly  can  be  seen  near  -25°C  in  this  composition.  The  transition 
temperature  for  BPNT-40  occurs  at  -340°C  and  corresponds  to  a  maximum  dielectric 
constant  of  17000.  The  second,  or  lower  temperature,  anomaly  for  this  composition 
occurs  at  the  relatively  higher  temperature  -230°C. 


Figure  1.  Variation  of  the  dielectric  constant  with  temperature  for  BPNT-40  and 
BPNT-50  ceramics  measured  at  1,  10,  and  100  kHz. 
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Well-defined  dielectric  hysteresis  loops  are  observed  at  room  temperature  for 
these  compositions  (figure  2).  The  saturation  and  remanent  polarization  values  are  on 
the  order  of  50  pC/cm2  and  37  pC/cm2,  respectively  and  are  in  the  same  range  for  both 
BPNT-40  and  BPNT-50,  in  spite  of  the  fact  that  the  magnitudes  of  the  coercive  fields 
for  these  compositions  are  quite  different.  The  composition  on  the  rhombohedral  side  of 
the  morphotropic  phase  boundary  (BPNT-40)  gives  a  typical  value  for  the  coercive 

field,  -26  kV/cm,  nearly  half  the  value  obtained  for  the  composition  on  tetragonal  side, 
(BPNT-50). 


Electric  Field  (kV/cm)  Electric  Field  (kV/cm) 


Figure  2.  Dielectric  hysteresis  loops  for  (a)  BPNT-40  and  (b)  BPNT-50 
ceramics. 

Samples  (of  both  compositions)  were  poled  with  a  field  of  42  kV/cm  at  100°C. 
After  allowing  the  samples  to  age  for  24  hours,  the  measured  d33  was  in  the  range  of 
250  pC/N  for  BPNT-40  and  105  pC/N  for  BPNT-50.  Resonance  measurements  at 
room  temperature  yield  the  coupling  coefficients,  k^  k31,  and  k,  of:  32.5  %,  19.7  •/«,  and 
57. 1  %  for  BPNT-40  and  20. 1  %,  12.1  %,  and  46.6  %  for  BPNT-50.  The  piezoelectric 
coefficient,  d3l,  is  of  the  order  -67  pC/N  and  -35  pC/N  for  BPNT-40  and  BPNT-50, 
respectively. 

The  large  anisotropy  between  d33  and  dji  makes  these  compositions  attractive 
for  hydrophone  applications.  The  hydrostatic  piezoelectric  coefficient  for  the  poled 
ceramics  was  calculated  using  the  relationship:  d»  =  d3J  +  2d}1.  High  dh  values  on  the 
order  of  116  pC/N  were  calculated  for  BPNT-40.  Direct  measurements  of  d„  were 
undertaken  and  the  results  show  high  d*  values  of  1 1 1  pC/N  for  BPNT-40  and  a 
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moderate  d*  of  34  pC/N  for  BPNT-50.  The  hydrophone  figure  of  merit,7  dkg*,  (as 
calculated  from  the  measured  d*  and  gk)  gives  the  values  of  1055  xl0‘15  m2/N  for 
BPNT-40  and  150  xlO'13  m2/N  for  BPNT-50.  For  composites,  much  higher  values  of 
dk gk  have  been  reported7  but  for  a  monolithic  compound  these  values  of  dn  and  d*gk  are 
very  attractive.  The  dhgh  value  for  BPNT-40  compares  well  with  PbTiG*  (d*  «  48  pC/N 
and  dkgk  =  1248  xlO'15  m2/N)  and  is  significantly  larger  than  the  value  reported  for 
PZT-5  (dk  »  21  pC/N  and  dhgk  =  42  xl0‘13  m2/N).6 


Temperature  (°C)  Temperature  (°C) 

Figure  3.  Variation  of  the  coupling  coefficients,  (k^  k3i,  and  k<)  with  temperature 
for  (a)  BPNT-40  and  (b)  BPNT-50  ceramics. 


Temperature  (°C)  Temperature  (°C) 


Figure  4.  Variation  of  d*i,  snE,  and  Poisson’s  ratio  with  temperature  for: 
(a)  BPNT-40  and  (b)  BPNT-50  ceramics. 
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The  temperature  dependence  of  various  piezoelectric  characteristics  of  BPNT-50 
is  shown  in  figures  3(a),  4(a),  and  5(a).  All  of  the  property  coefficients  increase  with 
temperature,  with  the  exception  of  the  mechanical  quality  factor,  Qm.  All  of  the  plots 
show  some  change  in  slope  near  -25°C.  This  could  probably  be  due  to  a  slight  curvature 
in  the  morphotropic  phase  boundary  (which  is  located  at  x  =  0.445).  During  heating 
cycles  the  three  coupling  factors,  kp,  k3i,  and  k,,  attain  nearly  constant  values  (21.7  %, 
12.8  %,  and  51.3  %,  respectively)  at  ~125°C.  The  elastic  compliance  SuE  is  less 
dependent  on  temperature  and  reaches  a  maximum  value  of  12.71  xlO'12  m2/N  at  150°C, 
the  upper  temperature  at  which  the  measurements  were  made.  The  piezoelectric 
constant,  d31,  approaches  -47.6  pC/N  at  150°C. 


Figure  5.  Variation  of  the  dielectrio-  constant  and  mechanical  quality  factor  with 
temperature  for:  (a)  BPNT-40  and  (b)  BPNT-50  ceramics. 

The  temperature  dependence  of  the  piezoelectric  coefficients  for  BPNT-40  is 
shown  in  figures  3(b),  4(b)  and  5(b).  Unlike  the  case  of  BPNT-50,  the  effect  of  the 
morphotropic  phase  boundary  cannot  be  detected,  as  the  temperature  of  the  second 
dielectric  anomaly  shifts  from  25°C  to  230°C  in  this  composition.  The  coefficients  k3l, 
d3i  and  SnE  and  the  dielectric  constant  all  increase  with  temperature  to  maximum  values 
of:  k3i  =  25.8  %,  d3i  =  156.6  pC/N,  suE  =  14.2  xlO'12  m2/N,  and  e,  =  3179.  The 
mechanical  quality  factor,  Q„  decreases  to  a  value  of  1 8.  After  the  temperature  cycling, 
between  -100°C  and  150°C,  the  room  temperature  piezoelectric  coefficients  return  to 
their  original  values. 
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Table  1 .  Property  coefficients  for  BPNT-40  and  BPNT-50  ceramics. 


Bi(NiTi)1/203  /  PbTiOj 

(40/60) 

(50/50) 

Dielectric: 

K  at  1  kHz 

1289 

856 

D  at  1  kHz  (  % ) 

8.40 

4.70 

Transition  temperatures: 

Te  ( °C  ) 

340 

375 

T.'  ( °C  ) 

230 

-25 

Dielectric  Hysteresis: 

Pr  ( pC/cm2) 

37.86 

37.17 

E.  ( kV/cm ) 

25.75 

41.14 

Pnux  (  M-C/cm2) 

50.35 

46.73 

Coupling  factors: 

K  (%) 

32.50 

20.08 

fei  (%) 

19.68 

12.05 

k,  (%) 

57.05 

46.55 

Piezoelectric  constants: 

d33  (  pC/N  ) 

250 

105 

d3i  (pC/N) 

-67 

-35 

dh  (  pC/N  )  (calc.) 

116 

35 

dfc  (  pC/N  )  (raeas.) 

111 

34 

dhgh  (xl0‘15  m2/N  ) 

1055 

150 

Frequency  constants: 

Np  (Hzm) 

2526 

2351 

N,  (Hzm) 

2077 

1924 

Elastic  compliance: 

s„E  (xlO'12  m2/N ) 

10.18 

11.34 

Mechanical  quality  factor: 

Q» 

24 

64 

Poisson’s  ratio: 

a 

0.2669 

0.2796 
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CONCLUSIONS 

Table  1  summarizes  all  the  property  coefficients  measured  on  the  Mn  doped 
BPNT-40  and  BPNT-50  compositions.  The  high  transition  temperatures  (400°C)  and 
large  remanent  polarizations  (37  (iC/cm2),  look  promising  for  high  temperature 
piezoelectric  applications.  BPNT  ceramics  have  also  shown  a  high  mechanical  strength 
and  a  nominal  temperature  dependence  in  the  range  of  experimental  measurement. 
Large  and  attractive  dk  ~  111  pC/N  and  d*^  ~  1055  xl0'ls  mJ/N  in  BPNT-40  are  also 
promising  for  hydrostatic  sensor  applications.  Further  studies  are  underway  to  improve 
upon  dhgh  values  on  these  compositions. 
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Abstract 

This  paper  describes  the  first  study  on  processing  and  electrical  properties  of  ceramics  in  the  (*)Pb(InI/2Nbl/2)03:(l  - 
*)Pb(MgI/3Nb2/3)03  [PIMN(x/T00-x)]  solid  solution  system  with  *=50  mol%.  Pellets  were  sintered  at  1100°C 
resulting  in  phase-pure  perovskite  ceramics  with  98%  theoretical  density.  These  ceramics  displayed  typical  relaxor 
ferroelectric  behavior  with  a  maximum  dielectric  constant  of  8056  at  26°C.  A  slight  polarization  hysteresis  was  observed  at 
25°C.  A  maximum  induced  polarization  of  23.95  \lC/ cm2  and  remanent  polarization  of  1.2  |±C/cm2  at  the  peak  field  level 
of  48  kV/cm  was  measured.  The  strain  and  electrostriction  coefficient  were  measured,  the  values  were  in  the  range  of 
*33  =  8.12  X  10 ~4  and  Q33  —  1.42  X  10 ~2  m4/C2,  respectively.  The  low  hysteresis  in  *33  and  low  values  of  Pr  make  this 
solid  solution  attractive  for  further  study.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Solid  solutions;  Relaxor  ferroelectrics;  Lead  indium  niobate;  Lead  magnesium  niobate;  Dielectric  properties;  Electrostrictive 
properties 


1.  Introduction 

Lead  magnesium  niobate  Pb(Mg1/3Nb2/3)03 
[PMN]  is  probably  the  most  widely  studied  relaxor 
ferroelectric  known.  A  maximum  dielectric  constant 
of  nearly  18000  at  its  transition  temperature,  Tm,  of 
approximately  —  15°C  has  been  reported  at  a  mea¬ 
surement  frequency  of  1  kHz  [l].  There  are  also 
several  reports  on  the  properties  of  PMN:PbTi03 
[PMN:PT]  solid  solution  with  various  concentrations 
of  PbTi03  [PT].  The  PMNiPT  solid  solution  also 
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shows  a  morphotropic  phase  boundary  at  which  fur¬ 
ther  enhancement  in  some  properties  has  been  mea¬ 
sured.  PMN:PT  compositions  are  highly  promising 
for  electrostrictive  and  piezoelectric  devices.  The 
composition  (0.93)PMN:(0.07)PT  has  been  shown  to 
have  a  large  piezoelectric  effect  under  electrical  field 
[2].  This  composition,  as  well  as  others  in  this  solid 
solution  system  appear  to  be  promising  candidates 
for  some  smart  ferroic  systems  such  as  vibration 
control  and  actuators. 

Lead  indium  niobate  Pb(In1/2Nbl/2)03  [PIN]  is 
an  interesting  order-disorder  type  relaxor.  In  its 
disordered  state  PIN  is  a  relaxor  ferroelectric  with  a 
pseudo  cubic  perovskite  structure  and  a  dielectric 
constant  maximum  ( Tm )  of  66°C  [3].  Annealing  PIN 
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at  a  suitable  temperature  causes  the  material  to  order 
into  an  antiferroelectric  orthorhombic  phase.  This 
phase,  which  is  isostructural  with  lead  zirconate,  has 
a  transition  temperature  of  190°C  [4],  Another  impor¬ 
tant  and  well-studied  order-disorder  relaxor  is 
Pb(Scl/2Taj/2X)3  [PST].  Its  solid  solution  with  PT 
has  shown  a  variable  order-disorder  region  as  well 
as  a  morphotropic  phase  boundary  [5]. 

To  our  knowledge  there  are  no  reports  so  far  on 
the  PIMN  solid  solution.  This  system  is  expected  to 
show  some  unique  and  unexplored  characteristics. 
There  is  a  possibility  that  additions  of  PMN  may 
alter  the  order-disorder  behavior  of  PIN  such  that  it 
may  fully  disorder  and  display  its  relaxor  ferroelec¬ 
tric  behavior,  or  to  produce  ordering  over  a  limited 
compositional  range,  and  thereby  transforming  the 
composition  into  an  antiferroelectric.  The  obvious 
stoichiometric  differences  between  PIN  and  PMN 
may  lead  to  other  ordering  phenomena,  and  even  the 
existence  of  morphotropic  phase  boundaries.  In  order 
to  study  this  interesting  solid  solution  system  this 
study  has  been  undertaken  and  the  first  results  on  the 
PIN:PMN  (50/50)  compositions  are  reported  here. 


2.  Experimental  procedures 

Ceramics  with  the  composition  PIMN(50/50) 
were  fabricated  using  vibratory  milled  PIN  and  PMN 


Fig.  1.  Dielectric  constant  at  room  temperature  and  at  Tm  as  a 
function  of  sintering  temperature. 


(xIO3) 


Fig.  2.  X-ray  diffraction  pattern  for  PEMN(50/50)  ceramic  sin¬ 
tered  at  1 100°C. 


powders.  Stoichiometric  PIN  and  PMN  powders  were 
prepared  using  the  Columbite  precursor  method  [3,6]. 
The  precursor  materials  were  synthesized  using 
ln203,  Nb205  and  MgC03  to  form  stoichiometric 
InNb04  and  MgNb206.  PbO  was  added  to  each 
precursor  to  form  PIN  and  PMN,  respectively.  After 
calcining,  the  powders  were  mixed  and  milled  for  24 
h  in  acetone  with  Zr02  media.  The  powders  were 
then  dried  for  another  24  h  and  then  mixed  with  3 
wt.%  binder. 

Pellets  from  the  mixture  were  pressed  and  the 
binder  removed.  The  green  ceramics  were  sintered  at 
various  temperatures  between  1050°C  and  1200°C. 
Following  the  sintering  step,  X-ray  diffraction  was 
used  to  determine  the  concentration  of  the  unwanted 
pyrochlore  phase.  For  the  electrical  measurements 
the  ceramic  disks  were  polished  using  1  p,m  AJU03. 
Finally,  the  samples  were  cleaned  in  an  ultrasonic 
bath,  dried,  and  sputtered  with  gold. 

Dielectric  constant  and  loss  measurements  were 
made  using  an  automated  measurement  system.  This 
system  consisted  of  an  LCR  meter  (HP-4 174 A, 
Hewlett-Packard),  a  nitrogen-fed  furnace  (Model- 
9023,  Delta  Design),  and  a  desktop  computer  (HP- 
200  series,  Hewlett-Packard).  Hysteresis  measure¬ 
ments  were  made  using  a  modified  Sawyer-Tower 
circuit  controlled  by  a  PC.  This  system  is  also  capa¬ 
ble  of  simultaneous  measurement  of  strain  using  an 
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Temperature  (°C) 

Fig.  3.  Temperature  dependence  of  the  dielectric  constant  and  loss  for  PIMN(50/50).  (Measurement  made  while  heating  at  2°C/min). 


Fig.  4.  (A)  Room  temperature  dielectric  hysteresis  loop  and  (B) 
strain  for  PIMN(50/50). 


LVDT  and  lock-in  amplifier  (SR830  DSP,  Stanford 
Research). 


3.  Results  and  discussion 

Sintered  densities  of  the  PIMN(50/50)  ceramics 
were  found  to  vary  between  8.13  and  8.18  g/ cm3. 
Weight  loss  was  limited  to  less  than  1  wt.%  between 
the  sintering  temperatures  of  1050°C  and  1200°C.  At 
a  sintering  temperature  of  1100°C  both  dielectric 
constant  and  density  were  found  to  be  optimized 


Polarization2  (xlO'2  C2/m4) 


Fig.  5.  Calculation  of  the  electrostriction  coefficient,  033,  for 
PIMN(50/50). 
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Table  1 

Physical  and  electric  properties  of  PIMN(50/50)  ceramics 


Property 

PIN:PMN  (50/50) 

Sintering  temperature  (°C) 

1100 

Density  (g/cm3) 

8.18 

Perovskite  concentration  (%) 

100 

Dielectric  constant 

at  25°C 

7233 

«  Tm 

8056 

Dielectric  loss 

at  25°C 

0.020 

0.027 

Transition  temperature  (°C) 

26 

Hysteresis 

£nux  (kV/cm) 

48.00 

(p-C/cnr) 

23.95 

P,  (txC/cm2) 

1.19 

033  (X10*2  m4/C2) 

1.42 

(Fig.  1).  Ceramics  were  deiermined,  by  X-ray 
diffraction,  to  be  single-phase  perovskite  (Fig.  2). 

Electrical  measurements  were  made  on  samples 
sintered  at  1100°C.  The  temperature  dependence  of 
the  dielectric  constant  and  loss  of  PIMN(50/50) 
shows  typical  relaxor  ferroelectric  behavior  (Fig.  3). 
The  maximum  dielectric  constant,  measured  at  1 
kHz,  is  8056  at  26°C  and  it  shifts  towards  higher 
temperatures  with  increasing  frequency.  The  maxi¬ 
mum  loss  measured  at  1  kHz  is  0.1043  at  -4°C  and 
also  shifts  towards  higher  temperatures  with  increas¬ 
ing  frequency. 

Dielectric  hysteresis  behavior  of  PIMN(50/50) 
resembles  that  of  a  typical  electrostrictive  relaxor 
ferroelectric  (Fig.  4).  At  room  temperature,  the  maxi¬ 
mum  polarization,  Ps,  was  23.95  jxC/cm2  at  an 
applied  field  of  48  kV /cm  and  the  remanent  polar¬ 
ization,  Pt,  was  in  the  range  of  1.2  p,C/cm2.  Elec¬ 
trostrictive  measurements  were  made  and  the  result¬ 
ing  strain  was  found  to  be  non-hysteretic  in  nature 
with  a  maximum  strain  value  of  0.0812%  at  a  field 
of  48  kV/cm.  Q33  as  calculated  from  the  strain  data 
was  on  the  order  of  1.42  X  10“2  m4/C2  (Fig.  5). 

As  expected  from  the  hysteresis  data,  the  sample 
was  difficult  to  pole  near  or  above  room  temperature. 
However,  a  remanent  polarization  of  about  12 
p-C/cm2  was  observed  at  -  75°C  using  a  20  kV /cm 
poling  field  (applied  while  cooling).  With  increasing 


temperature  the  remanent  polarization  decreased  to  1 
jjlC/ cm"  at  room  temperature  and  decreases  to  zero 
at  approximately  90°C.  Table  1  summarizes  the  elec¬ 
trical  measurements  on  the  PIMN(50/50)  samples. 


4.  Conclusions 

The  composition  (x)Pb(In1/2NbI/2)03:(l  -  jc)- 
Pb(Mg{/3Nb2/3)03,  *  =  0.5,  was  synthesized  for 
studying  its  relaxor  behavior  and  electrical  proper¬ 
ties.  A  maximum  dielectric  constant  of  8056  was 
observed  at  26°C  for  the  samples  sintered  at  1100°C. 
Only  a  slight  dielectric  hysteresis  was  observed  at 
25°C  (PT  <  1.2  fiC/cm2)  for  these  samples  which 
showed  a  maximum  induced  polarization  of  approxi¬ 
mately  23.95  pC/cm2  at  48  kV/cm.  The  strain 
levels  and  resulting  electrostrictive  coefficient,  Q 33, 
were  determined  to  be  8.12  X  10~4  and  1.42  m4/C2 
at  48  kV/cm,  respectively.  No  room  temperature 
piezoelectric  activity  was  detected  under  zero  bias 
conditions  as  the  material  is  near  Tm. 

The  solid  solution  compositions  of  PIN:PMN  ap¬ 
pear  to  be  promising  for  electrostrictive  devices. 
Further  work  is  currently  underway  on  both  tempera¬ 
ture  and  biasing  effects  on  these  materials  and  other 
compositions  across  the  PINrPMN  phase  diagram. 


References 

[1]  Z.-G.  Ye,  H.  Schmid,  Optical,  dielectric  and  polarization 
studies  of  the  electric  field-induced  phase  transition  in 
PMMg1/3Nb2/3X)3  [PMN],  Ferroelectncs  145  (1993)  83. 

[2]  D.J.  Taylor,  Electric  and  elastic  coefficients  of  lead  magne¬ 
sium  niobate-based  ceramics  under  DC  bias  for  active  smart 
sensor  applications,  PhD  Thesis.  The  Pennsylvania  State  Uni¬ 
versity,  1992. 

[3]  E.F.  Alberta,  A.S.  Bhalla,  Preparation  of  phase-pure  per¬ 
ovskite  lead  indium  niobate  ceramics.  Materials  Letters  29 
(1996)  127. 

[4]  P.  Groves,  Fabrication  and  characterization  of  ferroelectric 
perovskite  lead  indium  niobate.  Ferroelectrics  65  (1985)  67. 

[5]  J.R.  Giniewicz,  An  investigation  of  the  lead  scandium  tanta- 
late-lead  titanate  solid  solution  system,  PhD  Thesis,  The  Penn¬ 
sylvania  State  University,  1991. 

[6]  S.L.  Swartz,  T.R.  Shrout,  Fabrication  of  perovskite  lead  mag¬ 
nesium  niobate,  Mater.  Res.  Bull.  17  (1982)  1245. 


APPENDIX  17 


Ferroelectric*  Letters,  1999,  VoL  26(5-6),  pp.  117-123 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1999  OPA  (Overseas  Publishers  Association)  N.V. 

Published  by  license  under  the 
Gordon  and  Breach  Science  Publishers  imprint 
Printed  in  Malaysia 


Electrical  Property  Diagram  and  Morphotropic 
Phase  Boundary  in  the  Pb(Ini/2Tai/2)03  -  PbTi03 
Solid  Solution  System 

EDWARD  F.  ALBERTA  and  AMAR  S.  BHALLA 

Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  Pennsylvania,  USA 

Communicated  by  Dr  George  W.  Taylor 

(Received  March  25, 1999) 


Dielectric,  pyroelectric  and  piezoelectric  properties  of  the  solid  solution:  (1-x) 
Pb(In  1/2^1/2)03  -  (x)  PbTi03  [PIT :  PT]  have  been  investigated.  High  dielectric  constant  of 
2300  at  room  temperance  and  13000  at  approximately  248°C,  remnant  polarization  of 
approximately  26  pC/cm“,  and  coercive  field  of  11  kV/cm  were  measured  for  compositions 
near  the  morphotropic  phase  boundary  [MPB]  at  x  =  38  mol%  PT  Poled  ceramics  of  this 
composition  gave  a  piezoelectric  coefficient,  d33,  of  302  pC/N  and  piezoelectric  coupling 
coefficients,  kp  and  k31,  of  37%  and  20%,  respectively. 


INTRODUCTION 

Perovskite  lead  indium  tantalate  (PIT)  was  first  prepared,  in  crystalline  form,  by 
Kania  [1,2]  and  Bokov  [3].  This  material  displays  typical  relaxor  behavior,  with  a 
maximum  in  the  dielectric  constant  of  900  occurring  at  approximately  100°C.  Several 
other  groups  [4-7]  have  attempted  the  preparation  of  ceramic  PIT.  However,  due  to  the 
persistence  of  an  undesirable  pyrochlore  phase,  these  studies  have  had  limited  success. 
The  groups  reporting  the  synthesis  of  PIT  also  report  dielectric  properties  inferior  to 
reported  by  Kania  and  Bokov. 

In  this  work,  the  solid  solution  system  Pb(InviTai,)Cb  (PIT)  :  PbTiCb  (PT)  Is 
explored.  Lead  titanate  was  chosen  for  two  reasons:  (1)  to  stabilize  the  perovskite 
phase  of  PIT,  and  (2)  to  identify  the  morphotropic  phase  boundary  (MPB)  in  this 
system.  This  paper  reports  on  the  compositional  dependence  of  the  dielectric, 
pyroelectric,  and  piezoelectric  properties  of  the  (1-x)  PIT  :  (x)  PT  system,  with 
emphasis  on  those  compositions  near  the  morphotropic  phase  boundary. 
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Figure  1 .  X-Ray  diffraction  pattern  for  a  (0.64)  PIT  :  (0.36)  PT  ceramic  at  room 
temperature. 

EXPERIMENT  At  PROCEDURE 

The  Columbite  precursor  method  was  used  to  prepare  the  ceramics  for  this 
study[8].  First,  the  InTa04  precursor  phase  was  prepared  by  ball  milling  In2Cb  and 
Ta,o?  using  Zr02  Balls.  The  slurry  was  then  dried  and  calcined  in  an  A1203  crucible  at 
1 100°C  for  4  hours.  The  resulting  InTaO*  was  then  mixed  in  stoichiometric  proportions 
with  PbO  and  TiO:  and  re-milled.  The  dried  powder  was  calcined  at  900°C  for  4  hours. 
After  an  additional  milling  step,  the  powder  was  pressed  into  disks  and  sintered  between 
1000°C  and  1300°C.  Both  calcined  powders  and  sintered  ceramics  were  analyzed  for 
phase  purity  using  X-ray  diffraction  (Pad  V,  Sintag  Inc.).  The  sintered  ceramics  were 

found  to  be  at  least  95  %  theoretical  density. 

The  sintered  ceramics  were  polished  and  then  coated  with  sputtered-gold 
electrodes.  The  temperature  dependence  of  the  dielectric  properties  was  measured 
using  a  multifrequency  LCR  meter  (HP4274A,  Hewlett  Packard  Co.)  and  computer 
controlled  oven  (Delta  Design,  Inc.).  Pyroelectric  measurements  were  made  using  a 
similar  system  including  a  picoammeter  (HP4140B,  Hewlett  Packard  Co.).  The 
ceramics  were  poled  in  a  high-temperature  stirred  silicone  bath  (DC-200,  Dow  Coming, 
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Inc.  and  EX-250  HT,  Exacal,  Inc.).  Piezoelectric  measurements  were  then  made  using 
an  impedance  analyzer  (HP4194A,  Hewlett  Packard  Co.)  following  the  IEEE  resonance 
method. 

RESULTS  AND  DISCUSSION 

The  addition  of  PT  to  the  PIT:PT  system  was  found  to  stabilize  to  perovskite 
phase.  Using  X-Ray  diffraction,  it  was  found  that  the  calcined  powders  of  PIT:PT  with 
PT  concentrations  of  at  least  30  mol%  were  phase-pure.  Alter  sintering,  only  traces  of 
the  pyrochiore  phase  were  present  in  these  compositions,  figure  1 . 


Temperature  (°C) 


Composition  (mol%  PT) 


Figure  2.  Compositional  dependence  of  the  dielectric  constant  for  poled 
ceramics  in  the  (1-x)  PIT  :  (x)  PT  system  measured  at  1  kHz:  (a) 
temperature  dependence  and  (b)  room  temperature  values. 


The  temperature  dependence  of  the  dielectric  constant  (measured  at  1  kHz)  for 
various  poled  ceramics  with  0.30  <  x  <  0.48  is  shown  in  figure  2(a).  As  expected,  the 
addition  of  PT  the  system  shifts  the  Curie  temperature  from  200°C  to  300°C.  Careful 
examination  of  the  curves  in  figure  2(a)  shows  an  additional  anomaly  in  the  dielectric 
constant  for  compositions  with  x  <  0.38.  These  anomalies  indicate  a  transition  between 
the  pseudo-cubic  and  tetragonal  phases.  The  temperature  at  which  this  anomaly  occurs 
was  found  to  decrease  with  the  addition  of  PT.  The  compositional  dependence  of  the 
dielectric  constant,  figure  3(a),  also  indicates  the  MPB  in  the  PIT:PT  system.  From 
these  observations,  the  phase  boundary  was  determined  to  be  at  x  =  0.38.  Figure  3(a) 


120  EDWARD  F.  ALBERTA  and  AMAR  S.  BHALLA 


shows  the  temperature  dependence  of  the  dielectric  constant  and  loss  for  this 
composition. 


Figure  3.  Temperature  dependence  of  (a)  the  dielectric  constant  for  poled 
ceramics  with  x  =  0.38  and  (b)  the  polarization  for  ceramics  with 
0.34  <  x  <  0.49. 

The  temperature  dependence  of  the  remnant  polarization  in  the 
(1-x)  PIT  :  (x)  PT  solid  solution  system  was  determined  from  pyroelectric 
measurements,  figure  3(b).  Again,  the  transition  temperature  increased,  as  expected, 
with  increasing  x.  The  polarization  also  increased  with  the  addition  of  PT.  As  with  the 
dielectric  data,  the  pseudo-cubic  to  tetragonal  phase  boundary  was  identified  by  the 
slope  changes  that  occur  in  the  data  for  compositions  with  x  <  0.40. 


30  35  40  45  50  30  35  40  45  50 

Composition  (mol%  FT)  Composition  (mol%  PT) 


Figure  4.  Compositional  dependence  of  the  piezoelectric  properties  for  PIT:PT 
ceramics:  (a)  the  piezoelectric  constant,  d^,  and  elastic  compliance, 
$nE,  and  (b)  the  electromechanical  coupling  factors,  kp  and  k3i. 


the  morphotropic  phase 
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The  piezoelectric  properties  of  the  (1-x)  PIT  :  (x)  PT  solid  solut.on  system  are 
shown  in  figure  4.  The  samples  were  poled  in  a  stirred  silicone  bath  at  25°C  for  30  min, 
using  a  field  of  30  kV/cm.  After  allowing  the  sample  to  age  24  hours,  the  piezoelectric 
coefficient,  d33,  was  measured  and  found  to  be  on  the  order  of  302  PC/N  for  the 
composition  x  =  0.38.  The  piezoelectric  coupling  factors  (kp  and  k3l)  are  also 
maximized  m  this  composition,  with  values  of  37%  and  20%,  respectively.  The  elastic 
compliance  was  found  to  increase  to  a  maximum  of-17  xlO'13  nr/N  at  x  =  0.40. 


Figures.  Phase  diagram  for  (1-x)  PIT  •  pt  *  , 

data  ’  ^  “  ceramics  based  on  dielectric 


Finally,  a  phase  diagram  based  on  dielectric  daa  was  constructed  (figure  5)  I, 
was  rather  difficult  obtain  phase-pure  perovskite  ^  wMl  „ 

content  less  than  30%.  This  coexistence  region.  between  the  pyrechlore  and  perewskire 

phases.  ,s  shown  by  the  dashed  line  between  *  e  0.00  and  0.36.  The  temperature  „f  tht 

ferroelectric  ,o  paraetoctric  ptose  transition  for  etch  composition  was  determined  from 

the  maxnnums  m  the  dielectric  constant  (figure  2).  The  pseudo-cubic  to  tetragon* 

phase  bounds*  was  idenlifred  from  the  tower  tempera, me  anomriies  in  the  diefccric 
data. 
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Table  1.  Electrical  properties  of  (1-x)  PIT  :  (x)  PT  ceramics. 


Property: 

PIT:PT 

Composition  (mol%  PT) 

38,0 

Dielectric  constant: 

at  25°C  (unpoled) 

1900 

at  25  °C  (poled) 

2300 

at  Tc 

13000 

Dielectric  Loss: 

at  25°C  (unpoled) 

0.021 

at  25°C  (poled) 

0.019 

at  Tc 

0.025 

Transition  temperature  (°C) 

248 

Piezoelectric: 

a 

0.41 

SnE  (x  10'*2  m:/N) 

14.08 

djj  (pC/N) 

302 

d3l  (pON) 

-114 

kp  (%) 

37 

k3,  (%) 

20 

CONCLUSIONS 

This  paper  reports  the  first  successful  study  of  the  preparation  of  single-phase 
perovskite  (t-x)  PIT  :  (x)  PT  ceramics.  Based  on  anomalies  in  the  dielectric  data,  a 
phase  diagram  was  constructed.  Piezoelectric,  pyroelectric  and  dielectric  data  suggests 
the  presence  of  a  morphotropic  phase  boundary  in  this  system  at  x  -  0.38  mol%  PT. 
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High-power  piezoelectric  materials  are  presently  being  extensively  developed  for  applications  such  as  ultrasonic  motors 
and  piezoelectric  transformers.  In  this  study,  the  piezoelectric  and  dielectric  properties  of  Fe203-doped  0.57Pb(Sci^Nbi/2)O3- 
0.43PbTiO3  (hereafter  0.57PSN-0.43PT),  which  is  the  morphotropic  phase  boundary  composition  of  the  PSN-PT  system, 
were  investigated.  The  maximum  dielectric  constant  (£33/ £0  =  2551)  and  the  minimum  dielectric  loss  (tan<5  =  0,51%)  at 
room  temperature  were  obtained  at  Fe203  additions  of  0.1  wt%  and  0.3  wt%,  respectively.  The  temperature  dependence  of  the 
dielectric  constant  and  the  dielectric  loss  was  measured  between  room  temperature  and  350°C.  With  the  addition  of  Fe203, 
the  piezoelectric  constant  <f33  and  electromechanical  coupling  factor  k?  were  slightly  decreased,  but  the  mechanical  quality 
factor  Qa  was  significantly  increased.  The  highest  mechanical  quality  factor  (2m  =  297)  was  obtained  at  0.3  wt%  Fe203, 
which  is  4.4  times  higher  than  that  of  nondoped  0.57PSN-0.43PT  ceramics.  The  P-£  and  S-E  loops  of  the  samples  at  room 
temperature  and  at  1 .0  Hz  were  measured  at  the  same  time  using  an  automated  polarization  measuring  system.  • 

KEYWORDS;  lead  scandium  niobate,  dielectric  properties,  P-E  loops  and  S-E  loops,  mechanical  quality  factor,  PSN-PT 


1.  Introduction 

Lead  scandium  niobate,  Pb(Sc{/2Nb  1/2)03  (PSN),  is  a  typ¬ 
ical  relaxor  dielectric  material  which  has  a  Curie  temper¬ 
ature  of  90°C.1)  With  the  addition  of  PbTi03  (PT),  which 
has  a  Curie  temperature  of  490°C,  the  composition  of  PSN- 
PT  solid  solutions  exhibits  a  morphotropic  phase  boundary 
(MPB)  between  the  rhombohedral  and  tetragonal  phases  at 
42.5  mol%  PT.2)  Only  five  studies  of  the  PSN-PT  system 
have  been  carried  out.2*6*  In  1968,  Tennery  et  al.  initially  re¬ 
ported  on  the  ferroelectric  and  structural  properties  of  solid 
solutions  of  the  Pb(Sci/2Nb]/2)03-PbTi03  system.2)  In  the 
PSN-PT  system,  a  two-phase  region  between  the  rhombo¬ 
hedral  and  tetragonal  phases  was  observed  between  0.425 
and  0.45PT  at  room  temperature.  Also,  at  the  MPB  com¬ 
position  of  the  0.575PSN-0.425PT  system,  the  electrome¬ 
chanical  radial  coupling  factor  kp  of  46%  was  reported.  In 
1993,  Yamashita  reported  on  the  effect  of  NbiOs  addition  to 
0.575PSN-0.425PT  ceramics,  where  a  large  electromechani¬ 
cal  coupling  factor  kp  of  69%  was  obtained.3*  The  structural 
and  electrical  properties  of  niobium-doped  (1  —  x)PSN-xPT 
{x  =  0.4-0.45)  ceramics  near  the  MPB  were  also  investi¬ 
gated  by  Yamashita.4,5*  At  x  =  0.435PT,  the  maximum  di¬ 
electric  constant  £33 /£q  =  3200  and  piezoelectric  constant 
J33  =  590pC/N  were  found;  also,  kp  and  the  mechanical 
quality  factor  Qm  were  67%  and  70,  respectively.  Adachi 
et  al.  reported  the  dielectric  and  piezoelectric  properties  of 
0 2575PSN-0.425PT  ceramics,  and  determined  kp  to  be  51%.6* 
For  high-power  piezoelectric  actuator  devices  such  as  ultra¬ 
sonic  motors  and  piezoelectric  transformers,  it  is  necessary  to 
have  a  high  Qm  and  low  dielectric  loss  tan  8.  Qm  is  increased 
by  the  addition  of  acceptor  dopants,  such  as  Fe203  or  CX2O3, 
but  it  is  decreased  by  the  addition  of  donor  dopants  such  as 
Nt^Os.3’7* 

In  this  study,  the  addition  of  Fe203  to  the  0.57PSN-0.43PT 
MPB  composition  was  carried  out  to  improve  the  value  of  2m 
for  high-power  device  applications,  and  the  resulting  piezo¬ 
electric  and  dielectric  properties  of  the  sintered  ceramics  were 
investigated. 


2.  Experimental  Procedure 

2.1  Sample  preparation 

The  samples  were  prepared  from  high-purity  PbO  (99.9%), 
Sc203  (99.9%),  Nb205  (99.9%)  and  Ti02  (99  +  %).  The  ad¬ 
ditive  was  chemical  reagent  grade  ferric  oxide  (FejCb).  Six 
compositions  of  0  J7PSN-0.43PT+X  wt%  Fe203  (x  =  0, 0.1, 
0.3, 0 .5, 0.7, 0.9)  were  selected.  Mixtures  of  the  raw  materials 
of  a  given  composition  were  ball-milled  for  24  h  with  zirco- 
nia  grinding  media  and  distilled  water.  Dried  powders  were 
crushed  and  calcined  at  850°C  for  2  h.  The  calcined  powders 
were  granulated  using  an  80  mesh  sieve  and  then  mixed  with 
5  wt%  polyvinyl  alcohol  binder.  The  powder  was  next  cold- 
pressed  with  a  steel  mold  into  disks  14.63  mm  in  diameter  and 
1  mm  in  thickness  at  a  pressure  of  1000  kg/cm2.  The  binder 
was  decomposed  by  heating  at  600°C  for  2h.  The  samples 
were  sintered  at  1250°C  for  3  h,  and  the  heating  and  cooling 
rates  were  both  5°C/min.  The  sintered  samples  were  polished 
to  a  thickness  of  about  0.84  mm  using  400  grit  (22  p.m)  SiC 
powder.  Electrodes  were  applied  by  painting  both  sides  of  the 
samples  with  silver  paste  and  firing  at  650°C  for  30 min.  Be¬ 
fore  measuring  the  piezoelectric  properties,  the  samples  were 
poled  in  a  silicone  oil  bath  at  120°C  by  applying  a  DC  electric 
field  of  2.5  kV/mm  for  15  min.  The  piezoelectric  properties 
were  measured  24  h  after  poling.  The  final  sample  dimen¬ 
sions  were  12.9  mm  in  diameter  and  0.84  mm  in  thickness. 

2.2  Measurement 

Dielectric  constant  and  dielectric  loss  of  samples  at  1  kHz 
were  measured  before  and  after  poling  with  a  LCR  meter 
(SR715).  The  temperature  dependence  of  the  dielectric  con¬ 
stant  and  the  dielectric  loss  at  0. 1 , 1 , 1 0  and  1 00  kHz  was  mea¬ 
sured  using  a  computer-controlled  system  consisting  of  a  tem¬ 
perature  controller  (Delta9010),  a  multifrequency  LCR  meter 
(HP4274A)  and  a  personal  computer  (HP9121).  The  heating 
rate  for  the  samples  was  2°C/min  between  20°C  and  350°  C. 
The  resonance  and  antiresonance  frequencies  of  planar  and 
thickness  modes  were  measured  using  an  impedance/gain- 
phase  analyzer  (HP4194A)  and  a  plotter  (HP  ColorPro).  Elec- 
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tromechanical  coupling  factors,  kp,  kty  and  Qm  were  calcu¬ 
lated  by  the  resonance-antiresonance  method.  Ferroelectric 
hysteresis  £— E  loops  and  strain  S—E  loops  were  examined 
using  an  automated  polarization  measuring  system  with  a 
DSP  lock-in  amplifier  (SR830),  a  high-voltage  DC  amplifier 
(TREK  609C-6)  and  an  IBM  personal  computer.  After  poling, 
a  piezo  dy±  meter  (ZJ-2)  was  used  to  measure  the  piezoelectric 
constant  d33  and  the  voltage  constant  #33. 

3.  Results  and  Discussion 

3. 1  Dielectric  properties 

Figure  1  shows  the  X-ray  diffraction  patterns  for  pure 
and  iron-doped  0.57PSN-0.43PT  calcined  powers.  The  ra¬ 
tio  of  pyrochlore  phase  to  perovskite  phase  decreased  with 
iron  doping  until  0.5  wt%  and  then  increased  with  increasing 
amount  of  Fe203  added. 

Figure  2  shows  the  dielectric  constant  and  the  dielectric 
loss  before  and  after  poling  of  0.57PSN-0.43PT  ceramics  as 
a  function  of  the  amount  of  Fe203  added.  The  dielectric  con¬ 
stant  after  poling  showed  a  maximum  value  (2551)  at  0. 1  wt% 
Fe203  addition,  and  then  decreased  with  a  further  increase  in 
the  amount  of  Fe203  added.  The  decrease  of  the  dielectric 
constant  for  the  Fe203-doped  samples  suggests  an  acceptor 
effect  of  the  Fe  atoms.3,9^  Dielectric  loss  (tan<5)  after  poling 
of  iron-doped  samples  is  decreased  and  is  less  than  0.7%  at 
room  temperature.  In  the  case  of  0.3  wt%  Fe203  addition,  the 
dielectric  loss  is  0.51%.  The  acceptor  dopant  Fe203  decreases 
the  dielectric  loss  (tan  5)  of  0.57PSN-O.43PT  ceramics;  on  the 
other  hand,  the  donor  dopant,  NbiOs,  increases  it3) 
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Figure  3  shows  typical  plots  of  the  dielectric  constant  and 
the  dielectric  loss  as  a  function  of  temperature  and  various  fre¬ 
quencies  for  (a)  non-doped,  (b)  0.1  wt%,  (c)  0.3  wt%  and  (d) 
0.7  wt%  Fe203-doped  samples  with  composition  0.57PSN- 
0.43PT.  The  Curie  temperature  Tc  of  the  non-doped  sam¬ 
ple  is  at  271.5°C.  The  maximum  dielectric  constant  of  the 
non-doped  sample  at  Tc  is  32680.  For  both  non-doped  and 
iron-doped  samples,  Tc  did  not  depend  on  the  measuring  fre¬ 
quency.  Above  7C,  the  dielectric  constant  of  iron-doped  sam¬ 
ples  [Figs.  ??(b)— 3(d)]  is  the  highest  at  a  low  frequency  of 
0. 1  kHz.  This  high  dielectric  constant  may  be  attributed  to  the 
high  electrical  conductivity  due  to  iron  doping. I0)  For  each 
iron-doping  level,  the  dielectric  properties  exhibited  typical 
ferroelectric  behavior,  with  a  distinct  anomaly  in  the  dielec¬ 
tric  constant  at  7c.lI)  The  maximum  of  the  dielectric  constant 
decreased  with  increasing  frequency.  When  the  amount  of 
Fe203  was  increased,  Tc  was  slightly  decreased,  but  maxi¬ 
mum  values  of  dielectric  constant  at  the  Curie  temperature 
were  increased.  The  dielectric  loss  at  room  temperature  was 
less  than  0.7%  for  all  iron-doped  samples.  The  maximum 
of  the  dielectric  loss  increased  with  increasing  frequency,  as 
shown  in  Fig.  3.  The  temperature  of  the  maximum  dielectric 
loss  can  be  attributed  to  the  ferroelectric-paraelectric  phase 
transition.  With  increasing  temperature  above  the  Curie  point, 
the  dielectric  loss  was  observed  to  be  dispersive.  Higher 
amounts  of  iron  dopant  in  the  samples  resulted  in  slightly 
higher  dielectric  loss.  The  highly  dispersive  dielectric  loss  at 
T  >  Tc  originates  from  either  increasing  electronic  or  ionic 
conduction.10 

3.2  P-E  and  S-E  properties 

Figure  4  shows  the  P-£  and  S-E  hysteresis  loops  of  non- 
doped  and  iron-doped  samples  at  room  temperature  and  at 
1.0  Hz,  which  were  measured  at  the  same  time  using  an  au¬ 
tomated  polarization  measuring  system.  This  measurement 
was  performed  under  the  condition  that  samples  were  poled 
to  full  saturation  under  electric  fields  without  electrical  break¬ 
down  of  the  samples. 12)  By  applying  a  maximum  electric 
field,  a  remanent  polarization  PT  of  36.8  pCIcm2,  a  satura¬ 
tion  polarization  Ps  of  42.7  fiC/cm2  and  a  coercive  field  £c  of 
10.47  kV/cm  were  obtained  for  nondoped  0.57PSN-0.43PT 
ceramics.  Most  of  the  ferroelectric  compositions  showed  a 
large  remanent  polarization  PT  and  a  small  coercive  field  Ec. 


Fig.  2.  Dielectric  constant  and  dielectric  loss  before  and  after  poling  of 
0.57PSN-0.43PT  ceramics  as  a  function  of  the  amount  of  Fe^Cb  added. 
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Fie.  3.  Temperature  dependence  of  the  dielectric  constant  and  the  dielectric  loss  as  a  function  of  Fe^  content  in 
0.57PSN-O.43PT+X  wt%  Fe203  samples.  Samples  were  measured  while  being  heated  to  350°C.  (a)  x  -  0  without  Fe203  (  ) 
x  =  0.1  with  Fei03  (c)x  s  6.3  with  Fe203  (d)  x  =  0.7  with  Fe2(>3 


The  shape  of  the  P-E  hysteresis  became  more  rectangular 
with  decreasing  amount  of  Fe203.  Domain  wall  mobility 
depends  on  the  type  of  dopant  and  lattice  defect.  By  dop¬ 
ing  of  Fe203  acceptors,  oxygen  vacancies  are  introduced  into 
the  0.57PSN-0.43PT  ceramics.  The  introduction  of  oxygen 
vacancies  decreased  the  domain  wall  mobility,  which  subse¬ 
quently  decreased  the  hysteresis  loss.13^  This  is  confirmed  by 
the  P—E  hysteresis  loops  of  iron-doped  PSN—PT  ceramics 
shown  in  Fig.  4. 

Figure  4  also  shows  the  S— E  curve  of  strain  versus  elec¬ 
tric  field  for  Fe203-doped  O.57PSN-0.43PT  samples.  The  to¬ 


tal  strain,  whose  definition  is  given  in  the  paper  of  Li  and 
Haertling,14)  was  evaluated  for  each  composition.  The  total 
field-induced  strain  resulted  from  domain  wall  motion  and 
domain  switching.  We  are  currently  studying  the  strain  prop¬ 
erties  of  these  samples  in  greater  detail.  The  magnitude  of 
strain  in  Fe203-doped  0.57PSN-0.43PT  samples  is  presented 
in  Table  I. 

Figure  5  shows  the  remanent  polarization  PT  and  the  co¬ 
ercive  field  Ec  of  0.57PSN-0.43PT  ceramics  as  determined 
from  P-E  hysteresis  loops  at  room  temperature  as  a  func¬ 
tion  of  the  amount  of  Fe203  added.  Remanent  polariza- 
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Fig.  4.  P~E  and  S-E  hysteresis  loops  (a)  x  =  0,  (b)  x  =  0.1,  (c)  x  =  0.3.  (d)  x  =  0.5,  (e)  j:  =  0.7  and  (0  x  -  0. 
0.57PSN-0.43PT+X wt%  Fei03  samples  at  room  temperature  and  at  1. 0  Hz. 


Table  L  Dielectric  and  piezoelectric  properties  of  0.57PSN-0.43PT  ceramics  as  a  function  of  the  amount  of  Fc203  added. 


£33 

(10~3  Vm/N) 


tion  PT  values  gradually  decrease  with  increasing  amount  of 
Fe203  added.  Coercive  field  Ec  reached  a  maximum  value 
of  *12.83  kV/cm  at  0.3  wt%  Fe203,  after  which  it  decreased 
and  slightly  increased  with  further  increase  in  the  amount  of 
Fe203  added. 

3.3  Piezoelectric  properties 

Figure  6  shows  the  electromechanical  coupling  factors  for 
planar  mode  kp  and  thickness  mode  kt ,  and  the  mechanical 
quality  factor  Qm  of  0.57PSN-0.43PT  ceramics  as  a  func¬ 


tion  of  Fe203  content  The  largest  value  of  kpt  57.5%,  was 
observed  at  0.3  wt%  Fe203  addition.  Qm  reached  a  maxi¬ 
mum  value  of  297  at  0.3  wt%  Fe203;  this  leads  us  to  con¬ 
clude  that  this  particular  PSN-PT  composition  is  suitable  for 
high-power  applications.  Acceptor  dopants,  such  as  Fe3+,  in¬ 
duce  the  formation  of  oxygen  vacancies  since  charge  neutral¬ 
ity  must  be  maintained.  The  distortion  and  shrinkage  of  unit 
cells  by  oxygen  vacancies  might  contribute  to  the  increase  of 
the  mechanical  quality  factor  Qmi  and  the  coercive  field  £c-15) 
It  is  well  known  that  the  addition  of  acceptor  dopants,  such  as 


Jpn.  J.  Appl.  Phys.  Vol.  38  (1999)  Pi.  1.  No.  3A 


J.-S.  KlMef  al. 


1437 


50 

40 

30 

20 

10 

0 


> 

j* 


Ed 


U 


Fig.  5.  Remanent  and  saturation  polarization  and  coercive  field  of 
0-57PSN-0.43PT  ceramics  as  a  function  of  the  amount  of  Fe^O}  added. 


Fe205  (wt%) 

Fig.  6.  Electromechanical  coupling  factor  for  planar  and  thickness  modes 
and  mechanical  quality  factor  of  0.57PSN-0.43PT  ceramics  as  a  function 
of  the  amount  of  Fe2C>3  added. 


Fe2C>3,  improves  Qm ,  while  decreasing  ^33  and  /cp.13,16)  Fe3+ 
ions  occupy  the  B  sites  of  the  ABO3  perovskite  structure.  The 
charge  deficit  of  Fe3+  ions  at  B  sites  is  compensated  by  oxy¬ 
gen  vacancies.  The  presence  of  iron  oxide  during  sintering 
leads  to  the  formation  of  oxygen  vacancies.  Oxygen  vacan¬ 
cies  inhibit  the  movement  of  domain  walls,  and  therefore  de¬ 
crease  the  piezoelectric  constant,  the  dielectric  constant  and 
the  electromechanical  coupling  factor.  The  effects  of  domain 
wall  motion  on  nondoped  and  iron-doped  PSN-PT  ceramics 


will  be  studied  using  a  charge  coupled  device  (CCD)  micro¬ 
scope  system,  and  will  be  reported  in  detail  in  the  near  future, 
along  with  the  high-power  characteristics  of  these  ceramics. 

Table  I  summarizes  the  dielectric  and  piezoelectric  proper¬ 
ties  of  pure  and  FeiCH-doped  0.57PSN-0.43PT  ceramics. 

4.  Conclusion 

The  piezoelectric  and  dielectric  properties  of  nondoped 
and  iron-doped  0.57Pb(Sci/2hfoi/2O3)-0.43PbTiO3  ceramics 
were  investigated.  The  dielectric  constant  after  poling  in¬ 
creased  for  both  nondoped  and  iron-doped  0.57PSN-0.43PT 
ceramics.  The  dielectric  loss  (tan  8)  for  poled,  iron-doped 
samples  is  less  than  0.7%.  The  dielectric  constant  after  poling 
showed  a  maximum  value  (2551)  at  0.1  wt%  FeiC^  addition, 
and  then  decreased  with  further  increase  in  Fe^Cb  addition. 
The  Curie  temperature  of  nondoped  0.57PSN-0.43PT  ceram¬ 
ics  is  271. 5°C.  For  the  sample  with  0.3  wt%  Fe203  addition, 
an  electromechanical  coupling  factor  kp  of  57.7%  and  a  me¬ 
chanical  quality  factor  Qm  of  297  were  observed.  It  was  de¬ 
termined  that  the  0.3  wt%  iron-doped  0.57PSN-0.43PT  is  the 
most  suitable  composition  for  high-power  applications. 
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